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Foreword 


The readers of the four volumes on “Machinery Management” can be di- 
vided, in my opinion, into three categories: 

- those who can say: That’s exactly what happened to me back in 19-- ! 
— those who can say: Why didn’t I know this back in 19-- ?! 
— those who can say: I hope I’ll remember all this when I am in charge! 

In other words, those with a lot, a little, and no experience stand to benefit 
from studying these four volumes. Maybe some of the people with a lot of expe- 
rience could find other ways to solve a particular case, but even they cannot 
match the knowledge and experience that the authors amassed in these books. 

In the past, many a good Machinery Manager was “made” through many 
years of experience, and also through many costly mistakes. These “experts” 
passed on their experience to the people they worked with, but seldom could 
experience gained in one particular location prepare someone for the multitude 
of things that can go wrong. It is because of this that the authors must be com- 
mended for their effort to disseminate not only their experience, but also the 
lessons they learned from many other experts. 

Volume 4 complements the first three books by focusing on major equipment 
installation and repair—foundations, pumps, blowers, turbines, electric motors, 
and lubrication and storage. These four volumes contain a wealth of information 
on machinery found in most petrochemical plants, and in their quest for perfec- 
tion, three principal groups will benefit from this text: Those who design ma- 
chinery, those who maintain machinery, and those who operate machinery. 

As a manufacturer of machinery, I realize that only knowledgeable people can 
fully utilize our efforts to make the best machines, to give guidelines on how to 
optimally maintain these machines, and finally how to best operate these ma- 
chines. Used in conjunction with the preceding three volumes or used alone, this 
book will make the reader a knowledgeable person. 


Michael M. Calistrat 
Missouri City, TX 
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Part | 


installation and Repair of 
Major Process Equipment 


Chapter 1 


Installation, Maintenance, and 
Repair of Horizontal Pumps 


The most common centrifugal pump in the petrochemical industry is 
the horizontal single stage process pump. This pump has many different 
external designs. Perhaps the most common is the end suction top dis- 
charge design shown in Figure 1-1. 

There are many features about this pump that make it adaptable for 
most applications. Designs can be small and inexpensive, or they can 
be designs that meet API 601* standards as well as with ANSI** 
specifications. The top centerline discharge provides excellent stability 
when subjected to piping stresses and high temperatures. Larger pump 
models incorporate a double volute internal passageway that helps to bal- 
ance radial loading on the impeller. This pump design has a vertical ra- 
dial split casing with centerline supports and an overhung impeller 
mounted on a shaft supported by bearings. By changing impeller designs, 
this pump can be adapted to all kinds of product applications from light 
hydrocarbons to slurries. 

ANSI pumps differ from API* designs as follows: They are chemical 
process pumps designed in accordance with ANS/ASME B73.1M-1991 
(horizontal end suction) and ANSI/ASME B73.2M-1991 (vertical inline). 
ANSI pumps (Figure 1-2) are generally supplied with open impellers. 

Temperatures are usually limited to 300°F and pressures to 300 psi 
maximum, depending on the material and flange type. Capacity ranges 
from 0-5,000 gpm, and materials are mostly ductile iron cases and im- 
pellers. Often stainless steel is used together with 316 stainless steel shaft 


* API = American Petroleum Institute 
** ANSI = American National Standards Institute 
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Figure 1-1. Horizontal single stage process pump to API (American Petroleum Institute) 
Standard. (Courtesy Byron Jackson.) 





Figure 1-2. Typical ANSI horizontal process pump with foot mounted casing. (Courtesy 
Byron Jackon.) 
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sleeves. Pump suction and discharge will normally have 150 lb raised 
face flanges. 

Mechanical seals provided in ANSI pumps are normally unbalanced, 
single inside, but single outside seals are also quite common. Face mate- 
rials are often carbon versus ceramic or tungsten carbide. Other materi- 
als can be substituted where applicable. Seal flush is usually configured 
as recirculation from pump discharge. 

Motors: TEFC (totally enclosed fan cooled) 460 volt (560 in Canada), 
three phase at 60 Hertz are standard drivers for North American applica- 
tions. 

Base Plates: Normally fabricated from steel plate with smaller base 
plates cast. Pump and motor are mounted on the base plate and connected 
with a coupling. For maintenance and repair work the coupling will have 
to be removed and the pump internals can be removed from the pump case 
without disturbing the piping. 

ANSI vertical in-line pumps are made in three basic designs: Style “A” 
is identified by the rigid spacer coupling which connects the pump stub 
shaft to the motor shaft. This design allows pump mechanical seal and 
impeller to be removed without disturbing the motor or pump flanges. 
All radial and thrust loads are transferred to the motor bearings. This 
style of pump is shown in Figure 1-3. 


Figure 1-3. Vertical inline centritugal = 
pump. Rigid coupling, impeller, stuffing 

box and mechanical sea! can be re- 

moved without disturbing motor and pip- 

ing. (Courtesy Union Pump (Canada) 

Ltd.) 
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Style “B” consists of a horizontal pump mounted in vertical po- 
sition with a special in-line casing and motor support. The motor is 
mounted on top of the support and is connected to the pump with a flexi- 
ble coupling that allows pull out of pump without disturbing the piping. 
The advantage of this pump design is that radial and thrust conditions are 
controlled by the pump bearings rather than the motor bearings. Also 
some parts are interchangeable with horizontal models. Figure 1-4 shows 
this style of pump. 

Style “C” is the close-coupled design. The motor shaft is extended, 
and the impeller and mechanical seal mounted on it (no separate pump 
shaft needed). One disadvantage with this is that if anything goes wrong 
with the seal or pump, it can also cause damage to the motor. This design 
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Figure 1-4. Vertical inline pump. Pump 
shaft is supported with its own independent 
bearings which also protect against radial 
thrust and shaft run-out. Source: Duriron 
Co. 


Figure 1-5. Vertical inline pump, close cou- 
pled design. Impeller and mechanical seal 
are mounted on motor shaft. 
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(see Figure 1-5) is being used less and less. API vertical in-line pumps 
will be discussed later. 

API (American Petroleum Institute) style pumps are designed for petro- 
chemical services in accordance with API Standard 610. API standards 
define minimum requirements for pumps in heavy duty hydrocarbon ser- 
vice. 

API pumps are generally specified in steel or noncorrosive materials 
with 300 lb raised face (RF) flanges. The pump casings are available 
with centerline supports rather than foot supports to reduce alignment 
distortion at high temperatures. The pressure limitations are at approxi- 
mately 700 PSI with a maximum temperature of 850°F. API pumps are 
required to have closed impellers with case and impeller wear rings. 

The base plate and motor requirements will be the same as the ANSI 
pumps, although the procurement of sturdier baseplates is advisable. 


Principles of Installation of Pumps and Drivers“ 


The correct installation of pumps and drivers is an often overlooked 
requirement. Incorrect installation indirectly costs millions of dollars a 
year in increased maintenance and lost production due to premature 
equipment failure. 

This segment of our text provides a set of guidelines that will result in a 
good pump installation. While centered around a typical single-stage, 
overhung, centrifugal pump, and a motor driver, it can easily be adapted 
to all types of machinery—the principles are the same. And, while these 
guidelines prescribe the minimum requirements to be performed by the 
installing agency, any specific instructions provided by the equipment 
manufacturer should also be observed. Conflicts should be resolved 
prior to installation. Refer also to checklists in Appendix 1B. 


Preinstallation and Equipment Preservation Measures 


When a pump is shipped from the manufacturer to the field, it nor- 
mally is “suitably prepared” for short duration storage up to approxi- 
mately six months. It is very important that the integrity of the equipment 
be maintained during the construction phase of the installation. Many 
pieces of equipment have been ruined before they had a chance to oper- 
ate, because of mishandling in the field prior to unit start-up. 


* Source: J. W. Dufour, Amoco Oil Company, Chicago. IL. 
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A good preinstallation program should accomplish the following: 


1. 
2. 


Inspect all equipment upon arrival for any shipping damage. 
Ensure good lifting practices are followed when transporting all 
equipment; a pressure gauge makes a vulnerable spot to place a lift- 
ing strap while off-loading a pump. 


. All nozzles and openings should be kept covered or plugged until 


piping is attached. Besides keeping out the elements, this will pre- 
vent foreign material such as welding rods, rags, waste paper, etc., 
from getting in the machine and causing damage. Disassembling a 
pump during a unit start-up to remove debris can be quite expen- 
sive. 


. If more than six months will pass before the equipment is expected 


to run, consideration should be given to respraying the pump inter- 
nals with a suitable rust preventive. Better yet, the pump could be 
preserved by the application of oil mist. Ensure that whatever is 
used is compatible with any elastomers it may come in contact with, 
is easily removable, and is applied according to manufacturer’s in- 
structions. 


. Fill all oil-lubricated bearings with the proper lube oil as soon as 


possible. If the bearing is to be oil mist lubricated, consider attach- 
ing and using the oil mist generator during the construction phase of 
the project. If not, fill those bearings with oil also. Greased bear- 
ings present a different problem. All greased bearings should be re- 
packed with the correct grease as soon as possible. Follow manu- 
facturer’s instructions; however, ensure that a// the old grease is 
displaced by the new grease. Different greases have different addi- 
tives that normally are not compatible with each other. Mixing two 
noncompatible greases will reduce the beneficial properties of ei- 
ther grease. 


. Coat all exposed machined surfaces with either a rust preventive or 


grease to protect them from the environment. 


. In order to prevent corrosion of the shaft sleeve, packed pumps re- 


ceived with the packing installed should have the packing com- 
pletely removed immediately on arrival and the shaft sleeve and 
gland greased. Normally, packed pumps are shipped with an extra 
set of packing. Of course, just before starting, this packaging 
should be installed in the pump. 


. Likewise, steam turbines received with the carbon rings installed 


should have the rings removed immediately on arrival and the shaft 
greased. The rings should then be reinstalled just prior to start-up. 
Caution should be taken when removing and installing rings. Axial 
ring orientation and location as well as the direction of shaft rota- 
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tion is critical. Be sure to consult the manufacturer’s instruction 
manual for details. 

. Pump mechanical seals are precision components and therefore re- 
quire special handling during transport and installation. When mov- 
ing pumps with seals, the pumps should be securely restrained to 
prevent excessive vibration and/or damage to the shaft and seal by 
dropping or bumping the shaft. When installing or lifting the pump, 
do not use the shaft as a leverage or lifting point. 

On new installations, if a mechanical seal is to fail, it normally 
will do so within the first few hours of operation. The primary 
causes can often be traced to improper installation of the seals, or 
mishandling of seals during pump installation. 


Foundation And Anchor Bolts 


The design of equipment foundations and the different characteristics 
of concrete and grouts are thoroughly discussed in Volume 3 of this se- 
ries, so we will not go into great detail here. However, there are some 
general guidelines to follow that will ensure a good installation. 


1. Assuming that the forms and steel reinforcing rods are all sized and 


placed according to approved drawings, the next most important 
step is the placement of the anchor bolts. Prior to the actual con- 
crete pour the anchor bolts should be: 


a. Accurately set according to the foundation drawings and firmly 
secured to prevent shifting during the pouring process. 

b. Dimensionally checked (and rechecked) versus the foundation 
drawings for proper length, diameter, thread length, etc. 

c. Checked for proper projection; i.e., checked for correct eleva- 
tions as referenced to an established benchmark. It can be very 
embarrassing to set a baseplate on a new foundation and find that 
the anchor bolts are not long enough to pass through the base- 
plate and the hold-down mats. 

d. Install metal or plastic anchor bolt sleeves. Remember, sleeves 
are not intended to encourage careless positioning of the anchor 
bolts. However, they will allow for slight errors in baseplate 
hole layouts and small shifting of the anchor bolt during the con- 
crete pouring process. 

e. Ensure that the exposed threads are protected by coating with 
heavy grease or with paste wax. The exposed bolts should be 
covered with plastic wrap and the wrap firmly secured with 
wire. 
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. After the pour, the surface of the foundation should be chipped to 


remove all laitance and defective or weak concrete. Normally, a 
chipping hammer should be used; sand blasting or using a needle 
gun is not effective. The amount of concrete removed should be 
such that the final baseplate or soleplate elevation allows for one to 
two inches of grout between the surface of the foundation and the 
lower baseplate flange or the underside of the soleplates. After 
chipping, the top surface should be reasonably level and free of all 
oil, grease, and loose particles. 


. Baseplates or soleplates should not be placed on the foundation until 


a minimum of ten days has elapsed after pouring the normal con- 
crete. High early-strength concrete may be used in some specific 
applications but is not usually required. In any event, baseplates 
and soleplates should not be placed on foundations until the con- 
crete has had time to dry and cure so that 85 percent of the shrink- 
age has taken place. 


. Protect the surface of the foundation according to the type of grout 


to be used. When using epoxy grout, the concrete surface must be 
dry at the time the grout is applied. When using cement-based 
grout, keep the foundation wet for the period of time recommended 
by the grout manufacturer prior to grouting. 


. If used, remove the tops of the plastic anchor bolt sleeves and en- 


sure that the sleeves are free of foreign material. 


Baseplate and Soleplate Preparation 


. While the practice varies from company to company, it is suggested 


that all equipment be removed from its baseplate or soleplate prior 
to grouting. This aids in leveling the plate and prevents unwanted 
distortion of the baseplate. The machinery can easily be reinstalled 
after the baseplate or soleplate has been grouted. 


. Normally, baseplates and soleplates are provided by the equipment 


supplier and manufactured in accordance with some company or in- 
dustrial specification. The installing agency must inspect and verify 
that the baseplate or soleplate is in accordance with these specifica- 
tions but, as a minimum, it should have the following: 


a. All baseplate and soleplate surfaces (except on mounting pads 
and in threaded holes but including the outside edges) that will be 
in contact with the grout should be coated with an inorganic zinc 
silicate or other primer compatible with the grout being used. 
Base metal, blistered, or rusted surfaces are unacceptable. 
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Note: Depending on the type of epoxy grout used, if the primer 
has been on the baseplate for an extended period, the surface 
may gloss over and thus prevent bonding. If this occurs, the 
baseplate must be stripped of all old primer by sand blasting to 
near white metal and recoated prior to grouting. Check the man- 
ufacturer’s instructions carefully to determine if this is a poten- 
tial problem. 

b. Ensure all baseplates are provided with at least one grouting 
opening in each bulkhead section and/or each 12 sq ft of base 
area as a minimum. Vent holes should be provided at the corners 
of each bulkhead compartment. These will ensure that the grout 
will flow from the pour hole to the extremities of each compart- 
ment and that no voids are created by trapped air. 

c. The corners of all baseplates and soleplates should be rounded to 
at least a 20-in. radius. As the grout cures, there will always be 
some shrinkage. Rounding the corners prevents stress concentra- 
tions in the grout that would eventually cause cracking. 


. Before setting the baseplate, ensure that all surfaces to be in contact 
with the grout are free of oil, grease, and rust. 

. Position the baseplate or soleplate on the prepared foundation, sup- 
porting it on leveling screws, rectangular leveling shims, or wedges 
having a small taper. These support pieces should be placed next to 
each foundation bolt to prevent distortion. Cover all leveling 
screws with grease or a heavy paste wax to prevent the grout from 
adhering. If using an epoxy grout, wax, mask off, or grease all ar- 
eas that require protection from grout splatter. 

. Use a precision level and level the baseplate or soleplate side-to- 
side, end-to-end, and diagonally to within .002 in. per ft. Remem- 
ber, it is mandatory that the machined mounting surfaces be flat and 
parallel. Corresponding mounting surfaces in the same place should 
be within .002 in. parallel overall. This mounting surface tolerance 
must be maintained after all anchor bolts have been adequately 
tightened. This will prevent overstressing and distortion of the 
equipment and/or base once the machinery is remounted. 

. After leveling, check that all support wedges or shims are in contact 
with the foundation and plate, then tighten the foundation bolts 
evenly but not too tight, and recheck level. 

. Check the elevation of the machined mounting surfaces of the base- 
plate or soleplates. Remember, the proper elevation should allow 
for a minimum of !/s-in. shim thickness under the equipment. If ev- 
erything checks out properly, the baseplate is ready for grouting. 
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Grouting Overview" 
Epoxy Grout 


1. Timing and proper mixing are the keys to successful grouting. The 
grout supplier’s instructions must be followed implicitly. Before 
mixing the various components, everything else should be ready— 
surfaces cleaned and dry, forms completed and sealed, pushing 
tools, rags, cleaning solvents available, and adequate manpower 
allocated. 


Note: In general, epoxy grout is flammable, toxic, poisonous, and 
corrosive. Therefore, material should be kept away from open 
flame, high heat sources, or sparks. It should be mixed in a well- 
ventilated area. Workmen should wear eye protection, gloves, and 
protective clothing at all times during mixing and placing of grout 
and aggregate. 


2. Grout forms should be built of materials of adequate strength and 
should be securely anchored and shored to withstand the pressure 
of the grout under working conditions. 


Epoxy grout forms must be coated with a paste wax, e.g., colored 
floor type wax, on areas that will come in contact with the grout to 
keep them from becoming bonded to the grout. All wax should be 
removed from the concrete, baseplate, or soleplate before grout- 
ing. To permit easy clean-up, wax or cover all surfaces where 
grout may splash. 


Forms should be liquid tight because epoxy grout will flow 
through even the smallest opening. Any open spaces or cracks in 
forms or at the joint between forms and the foundation should be 
sealed off using rags, cotton, foam rubber, caulking compound, 
etc. 


Because of epoxy grout’s higher compressive and tensile strengths 
and its readiness to bond to metals, the top of the grout outside the 
baseplate or soleplate should be brought up along the side of the 
baseplate or soleplate to give some protection against lateral 
movement. The top of the grout on baseplates with flange-type 
support should be at the top of the flange. The top of the grout on 


* Refer to Volume 3 for a detailed discussion of grouting procedures. 
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baseplates with solid sides and soleplates should be 1 in. above the 
bottom of the baseplate or the underside of the soleplate. The out- 
side top edge of the grout should be chamfered at 45°. 


. Foundation anchor bolt sleeve should be filled with a nonbonding, 
pliable material such as asphalt or silicone rubber molding com- 
pound to prevent a water pocket around the anchor bolt. 


. Asplit hose or duct tape can be used around the exposed threads of 
anchor bolts to prevent direct contact between the epoxy grout and 
anchor bolts. 


. The foundation should be protected from the rain since it is impor- 
tant that the foundation be clean and dry at the time of grouting. 
Normal grouting temperature should be between 40° and 90°F. 
Due to the accelerated rate of curing at high temperature, the shad- 
ing of the foundation from summer sunlight for at least 24 hours 
before and 48 hours after grouting may be required. In hot sum- 
mer weather, it is preferable to place the grout during the after- 
noon, so that the initial cure will occur during the cooler evening 
hours. 


In cold weather, the grouting materials (including the aggregate) 
should be stored at a temperature above 70°F for 24 hours prior to 
mixing. When the temperature is below 65°F, the grout manufac- 
turer should be consulted before mixing and placing the grout. 


However, for best results in cold weather, fabricate a temporary 
shelter around the baseplate or soleplate to be grouted and pre- 
warm the baseplate or soleplate and foundation. When prewarm- 
ing the installation, use convection-type space heating equipment 
and be careful not to overheat localized areas. Do not use radiant 
heating or open steam. Radiant heating warms the grout upper sur- 
face more than the lower surface. The grout surface therefore 
cures in a thermally expanded state, and after dissipation of the 
heat, produces stresses that tend to make the grout “curl-up,” re- 
sulting in cracks in the concrete at the foundation corners just be- 
low the grout line. 


. Epoxy grout has a limited shelf life. Check the grout manufactur- 
er’s instructions prior to use. 


. Epoxy grout has a limited pot life. Check the grout manufacturer’s 
instructions prior to use. 
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. Epoxy grout should have a consistency very similar to that of a 


hydraulic cement slurry but with self-leveling flow characteris- 
tics. Epoxy grouts can generally be handled with the same meth- 
ods and tools used with flow grade, sand-cement grouts. Epoxy 
grout can be manually mixed in a wheelbarrow using a mortar 
mixing hoe or a small cement or mortar mixer. Over-mixing and/ 
or violent mixing whips air into the grout, and results in a weaker 
grout. 


. The actual placing of the epoxy grout can be accomplished by sev- 


eral means. Some companies prefer to force the grout into place, 
while others use their ingenuity and place the grout by various de- 
vices. Epoxy grout is very viscous; however, it will flow and seek 
its own level given time and an ambient temperature above 35°F. 
Generally, it is best to start placing the grout at one end of the 
baseplate or soleplate and work toward the other end in such a 
manner as to force the air out from beneath the baseplate or sole- 
plate to eliminate voids as the grout moves along. A floating 
trowel is very helpful in forcing grout underneath by simply ap- 
plying pressure on top. Plywood strips, sheet metal strips, wires, 
and push rods may also be used to place the grout completely un- 
der the baseplate or soleplate, but care should be exercised to pre- 
vent working air into the grout. 


Note: Check the forms frequently for leaks. Leaks do not self- 
seal. If not stopped, they will cause voids. 


Epoxy grout curing rate depends on the temperature and pour 
thickness. Lower ambient temperatures and very thin layers of 
grout require longer curing time. 


Forms may be removed when the epoxy grout is adequately cured. 
This generally occurs in approximately 12 to 24 hours at 75°F or 
when the surface becomes firm and not tacky to the touch. When 
an accelerator is used, follow the manufacturer’s instructions to 
determine the typical curing times required. 


. After the grout has cured, the baseplate and soleplate should be 


checked for complete grouting by tapping the baseplate or sole- 
plate with a steel bar. If grouting voids are found based on a “hol- 
low” sound, holes can be drilled in the baseplate or soleplate deck 
at each end of the voids and the voids filled with epoxy grout with- 
out aggregate; one hole should be used for the grout and the other 
hole as an air vent. A grease gun is normally used to force the 
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grout into voids. When pressure injection is used, install dial indi- 
cators on the baseplate or soleplate deck to confirm that epoxy 
placement is being accomplished without lifting the baseplate or 
soleplate deck. 


. The Jeveling shims or wedges used to level the baseplate or sole- 


plate can be left in place after grouting. If for some reason they are 
removed after the grout has cured, the resulting voids should be 
filled with epoxy grout without aggregate. 


If leveling screws are used, they should be removed after the grout 
has cured to allow the full equipment weight to be distributed 
evenly over the grouted area. 


The foundation anchor bolts can now be retightened and the pump 


and driver installed. The pump and driver are now ready for align- 
ment. 


Cement-Based Grout 


. The grout manufacturer’s requirements and instructions should be 


strictly followed. 


. For dry packing of cement-based grout, refer to Volume 3, Chap- 


ter 3 of this series. 


. Grout forms should be built of materials of adequate strength and 


should be securely anchored and shored to withstand the pressure 
of grout under working conditions. Forms should be tight against 
all surfaces, and joints be sealed with tape. 


Grout forms must be coated with form oil on areas that will come 
in contact with the grout to keep them from becoming bonded to 
the grout. All oil should be removed from the concrete, baseplate, 
or soleplate before grouting. To permit easy cleanup, cover all 
surfaces where grout may splash. 


. Prior to placing the grout, the top surface of the concrete founda- 


tion should be saturated with water for the time period recom- 
mended by the grout manufacturer. Excess surface water and wa- 
ter in the foundation bolt holes should be removed just prior to 
placing the grout. 
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. Foundation anchor bolt sleeves should be filled with a nonbond- 


ing, pliable material such as asphalt or silicone rubber molding 
compound to prevent a water pocket around the anchor bolt. 


. Asplit hose or duct tape may be placed around the exposed threads 


of anchor bolts to prevent direct contact between the grout and an- 
chor bolts. 


. The temperature of the baseplate or soleplate, supporting concrete 


foundation, and the grout should be maintained between 40 and 
90°F during grouting and for a minimum of 24 hours thereafter. 


. Grout should be mixed with only water to produce the desired con- 


sistency according to the procedures recommended by the manu- 
facturer. 


Caution: Check the quality of the water being used; ensure that it 
is oil free. 


. The placement of the grout should be rapid and continuous so as to 


avoid cold joints under the baseplate or soleplate. Generally, it is 
best to start placing the grout at one end of the baseplate or sole- 
plate and work toward the other end to force the air from beneath 
the baseplate or soleplate to eliminate voids as the grout moves 
along. A floating trowel is very helpful in forcing grout under- 
neath by simply applying pressure on top. Plywood strips, sheet 
metal strips, wires, and push rods may also be used to place the 
grout completely under the baseplate or the soleplate, but care 
should be exercised in order to prevent working air into the grout. 


Grout should be cut back to the bottom outer edge of the baseplate 
or soleplate and tapered to the existing concrete. The top of the 
grout on baseplates with flange-type support should be at the top 
of the flange. The top of the grout on baseplates with solid sides 
and soleplates should be 1 in. above the bottom of the baseplate or 
the underside of the soleplate. The outside top edges of the grout 
should be chamfered at 45° 


After the grout has reached an initial set (the grout can be cut with 
a steel trowel and will stand up without support), it should be 
trimmed back to the level indicated on the drawings. 


Grout should be cured according to the manufacturer’s specifica- 
tions and recommendations. 
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13. After the grout has cured, the baseplate or soleplate should be 
checked for complete grouting by tapping the baseplate or sole- 
plate with a steel bar. If grouting voids are found based on a “hol- 
low” sound, holes should be drilled in the baseplate or soleplate 
deck at each end of the voids and the voids filled with epoxy grout 
without aggregate; one hole should be used for the grout and the 
other hole as an air vent. A grease gun is normally used to force 
the grout into voids. When pressure injection is used, install dial 
indicators on the baseplate or soleplate deck to confirm that epoxy 
placement is being accomplished without lifting the baseplate or 
soleplate deck. 


14. Forms should remain in place for a minimum of 24 hours except 
where form removal is needed to trim back grout. 


15. The leveling shims or wedges used to level the baseplate or sole- 
plate may be left in place after grouting. If for some reason they 
are removed after the grout has cured, the resulting voids should 
be filled with grout without aggregate. 


If leveling screws are used, they should be removed after the grout 
has cured to allow the full equipment weight to be distributed 
evenly over the grouted area. The holes should be caulked with 


putty. 


The foundation anchor bolts can now be retightened and the pump 
and driver installed. The pump and driver are now ready for align- 
ment. 


Machinery Alignment 


Chapter 5, Volume 3 of this series deals extensively with equipment 
alignment, and it is not our intent to duplicate the efforts of others in this 
area. However, here are several general steps to follow which will result 
in a well-aligned, trouble-free machine: 


{. The owner should insist that the installing agency use the reverse 
indicator method of alignment, or the laser alignment method. 
whenever the separation between shaft ends is larger than 50 per- 
cent of the diameter at which the dial indicators contact the cou- 
pling rim. The advantages of using this system far outweigh the 
arguments for rim-and-face and other mechanical alignment meth- 
ods. If you or your contractor are unfamiliar with reverse indica- 
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tor alignment, get a book and learn, or purchase one of the small 
hand-held calculators now available that are based on this system. 


. Measure and adjust the distance between the driver and the pump 


shaft ends (D.B.S.E.). This distance should be in accordance with 
the pump layout drawing and within the tolerance provided by the 
coupling manufacturer or guideline value of Chapter 5, Volume 3 
of this series. The D.B.S.E. should be set with the pump and 
driver shafts pulled toward each other for turbine drives and mo- 
tor drives with antifriction bearings. For motor drives with sleeve 
bearings, the D.B.S.E. should be set with the motor shaft at its 
magnetic center. 


. Measure and adjust the distance between the driver and the pump 


shaft ends (D.B.S.E.). This distance should be in accordance with 
the pump layout drawing and within the tolerance provided by the 
coupling manufacturer. The D.B.S.E. should be set with the pump 
and driver shafts pulled toward each other for turbine drives and 
motor drives with antifriction bearings. For motor drives with 
sleeve bearings, the D.B.S.E. should be set with the motor shaft at 
its magnetic center. 


. Both the driver and pump shafts should be checked for mechanical 


runout using a dial indicator. Mechanical runout should not ex- 
ceed .002-in. total indicator reading (TIR). 


. Driver-to-pump and pump-to-driver alignment targets should be 


provided to the installation contractor before starting the align- 
ment. These targets should include allowances for thermal growth 
of hot pumps and steam turbines. If the actual cold targets are not 
provided, the amount of vertical growth due to temperature may 
be estimated using the following formula: 


Vertical growth = (Opertemp. + Amp.temp-76.0 x 10-6 in./in. — °F)(Ht.in.) 


. Initial alignment should be made at ambient temperature and 


“pipefree” —no pipe forces or weight on the equipment (pump and 
turbine flanges should be unbolted). 


. To eliminate adding mechanical runout to alignment error, indica- 


tor readings should be taken by turning the pump and driver shafts 
together. 
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8. Tighten the equipment hold-down bolts and recheck the align- 
ment; adjust as necessary. 


Check for a “soft foot” by loosening each hold-down bolt in turn 
while measuring with a dial indicator movement between machine 
foot and soleplate or baseplate. If movement exceeds approxi- 
mately .0Ol-in. (.025 millimeters) at any foot, shim changes 
should be made to eliminate the “soft foot” and alignment re- 
checked before proceeding. 


9. The alignment should be checked and recorded after both bolt-up 
of all piping to the pump and bolt-up of all piping to the driver. No 
significant strain should be present as indicated by any change in 
the pump-driver alignment. A change in alignment of more than 
.001-in. from the pipe-free condition should be investigated and 
the piping strain corrected. When “cold set” has been included in 
the piping design, the final alignment must be checked and the tol- 
erances met after the system has reached normal temperature. 


10. Pumps operating at over 300°F and all steam turbine drivers 
should be hot aligned; that is thermally cycled to normal operating 
temperatures and realigned, if at all possible, while hot. This will 
ensure that the alignment tolerances are still being met under oper- 
ating conditions. 


11. After the final alignment has been approved, the support pads for 
the pumps and drivers should be drilled at two locations and ta- 
pered dowel pins with threaded ends to facilitate removal should 
be installed. Unless specifically located by the equipment manu- 
facturer, the dowel pins should be placed near the thrust bearing 
end of the equipment. 


Pre-Operational Checks 


The following is a checklist of items that should be looked at before 
actually starting up the equipment. The list is by no means complete for 
all types of machinery but should act as a mind jogger before initial 
startup. Refer also to Appendix 1B. 


1. For pumps with double mechanical seals or packing with external 
gland oil, the gland oil supply piping should be cleaned by oil or 
solvent flushing prior to connecting to the pump. The oil system 
should be flushed at the design flow rate at a temperature of about 
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160°F (or lower, as component design dictates) using the system 
pump and lint-free cloth filter bags at all seal or packing inlet con- 
nections; oil should be circulated for a minimum of four hours. 
The filter bags should be examined and cleaned at approximately 
30 minute intervals. Flushing should be continued until there is no 
evidence of particle pickup for two consecutive 30 minute periods. 


2. For pumps with tandem mechanical seals, the overhead reservoir 
and all flush oil supply piping should be thoroughly cleaned by oil 
flush prior to connecting to the pump. 


3. It is important for good seal or packing performance that dirt and/ 
or foreign debris not be introduced into the seal or packing cavity. 


Note: Pumps with double mechanical seals should not be flushed 
out, steamed out, pressure tested, or operated without the seal 
gland oil system in operation at the specified pressure level. The 
gland oil system pressure should be 10-15 psi higher than the 
pump side pressure on the inner seal for all operating conditions. 
This will prevent inadvertent blowing open of the seal with 
pumped product that could cause seal failure or contamination of 
the flush system. 


4. The flushing and steaming of pumps with single or tandem me- 
chanical seals should be held to a minimum period of time. This 
will minimize the amount of debris entering the seal cavity, and 
prevent the destruction of the static seal elements by overheating. 
Static seal elements should not be heated above the temperatures 
listed in Chapter 10 of Volume 3. 


5. All cooling water piping on pumps and turbines should be flushed 
and connected prior to operation. 


Prior to operation, any lube oil in bearing housings and constant 
level oilers should be drained and new, clean lube oil added, and 
the proper oil level established. Verify that the oil level in the bear- 
ing housing is correct and that the constant level oiler is function- 
ing properly. The owner should verify that the installing agency is 
using the proper grade of lube oil. 


6. On equipment to be lubricated by an oil mist system: install all 
local oil mist piping or tubing with a slope toward the equipment 
without any sags or low spots in the piping or tubing runs; install 
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transparent sight bottle on bottom of bearing housing. Prior to op- 
erating the equipment, verify that oil mist flows to each bearing. 


Note: Unless you prelubricate with a high-viscosity lube oil, the 
oil mist system must have been in operation for a minimum of 12 
hours prior to attempting to run any equipment. 


7. Motor drivers should be power-rotated to check for proper direc- 
tion of rotation prior to coupling to the driven equipment. 


8. Turbine overspeed trip setting and governor operation must be 
checked prior to coupling to the driven equipment. 


9. Gear type couplings should be packed with the proper grease and 
the pump and driver coupled up. Recheck the coupling float and 
verify that it is within the coupling manufacturer’s tolerances. 


10. The coupling guard should be installed prior to rotating any shaft 
under power. 


11. If a separate lube oil system is provided, the system should be 
cleaned and flushed and all alarms and shutdowns set and tested 
prior to operation of the equipment. 


A Final Note 


Many things can influence the operation and reliability of pumps. One 
area often overlooked is the initial installation. A poor installation may 
cause premature failure due to misalignment, excessive piping strain, im- 
proper lubrication, etc. 

It is relatively easy and inexpensive to eliminate one major source of 
pump failure: install it right the first time. An ounce of prevention is 
worth a pound of cure. 


Pump Preparation for Start-Up 


After the pump has been installed and coupling alignment completed, 
the appropriate checklist in Appendix 1B may be consulted and these 
steps should be followed for a successful start-up: 


1. Pump and driver should be checked for sufficient and proper lubri- 
cation. 

2. Driver should be checked for correct rotation. 

3. Pump suction valve should be fully opened. (Check pump and pip- 
ing for leaks.) 
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. Pump case should be vented. (Open vent at top of pump casing until 


all air is expelled from casing.) 


. If product is hot, ample time should be allowed for pump case to 


heat up. (Pump case and rotating assembly could distort from un- 
even heat transfer.) 


. Before starting, rotate pump shaft by hand. (Should be free, no rub- 


bing.) 


. Crack open discharge valve—don’t fully open. (A centrifugal pump 


uses less horsepower at start-up with the discharge valve nearly 
closed; also this practice will prevent initial cavitation.) 


. Start Pump, watch discharge pressure gauge, and as soon as pump 


pressure stabilizes, open discharge valve slowly. Watch discharge 
gauge; discharge pressure will fall off for a few turns of the valve 
until existing head conditions are met. Once pressure stabilizes, 
you can fully open the discharge valve. 

Important! Never allow pump to run too long with discharge valve 
closed. 


The Pump In Operation 


. During operation, a centrifugal pump requires occasional inspec- 


tion (Data sheets in Appendix 1B may prove helpful). 


. Make sure that there is flow as the discharge valve is opened by 


watching for a drop in discharge pressure. 


. Watch for fluctuations in suction and discharge pressure to make 


sure the pump does not cavitate. 


. After the pump has run for a few minutes, the operator should touch 


the pump and motor bearings to determine if they are overheating. 


Note: The Operator always touches the motor with the back of the 
hand so that in case of shock the hand can be pulled away. 


. The mechanical seals should be checked for leakage particularly 


during the first hours of operation. A minor leak through the seal 
usually stops after a short time, but if it continues, the pump should 
be stopped and the seal fixed. 


. When operating the pump at a discharge pressure below the rated 


point, the motor should be watched carefully. The discharge valve 
should be throttled to build up head to a safe point. Should the low 
head condition persist, the pump should be shut down. Centrifugal 
pumps should not be operated at greatly reduced capacity or with 
the discharge valve pinched because the energy required to drive 
the pump is converted into heat and the temperature of the liquid 
may reach the boiling point. Furthermore, many pumps are subject 
to flow instability at low flows. 
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Shutting Down the Pump 


The discharge valve on a centrifugal pump should be partially closed 
before the driver is stopped in order to prevent reverse flow. Usually, 
there is a check valve in the discharge line to prevent such reverse flow. 


Diagnosing Pump and Seal Problems in the Field 


Severe operating conditions in most refineries and chemical plants sub- 
ject process pumps to high temperatures, abrasion, corrosion and prema- 
ture bearing and mechanical seal failures. 

Damage to the pump can occur not only inside the mechanical sur- 
faces, but on the outside as well. Surrounding atmospheric conditions can 
also shorten the life of any pump, especially in corrosive environments. 
The life expectancy of pumps and mechanical seals in this type of envi- 
ronment is very dependent on proper maintenance procedures. 

Many mechanical seal failures have been the result of wear or deterio- 
ration of pump bearings or internal pump components. Troubleshooting 
pump and mechanical seal difficulties should begin at the pump while it 
is installed and running. Maintenance and operating personnel need to 
determine first if a process deficiency might be causing pump or mechan- 
ical seal problems. The investigation should involve a thorough study of 
pump hydraulics to determine if the pump is performing per design. Ac- 
curate suction and discharge pressure readings need to be taken. The 
pump should also be checked for excessive vibration, shaft deflection, 
noisy bearings, and excessive temperature. If pump hydraulics appear to 
be normal, but the pump is noisy and vibrating, it’s quite possible that the 
pump could be misaligned, or the coupling could be faulty, or possibly 
the pump and/or motor bearings are defective. By using a vibration ana- 
lyzer and monitoring the frequency of the vibration, one can determine 
the probable source, and the problem can be eliminated. If the pump 
bearings have been subjected to severe vibration, the pump will have to 
be removed to the shop for repairs, and if the mechanical seal is leaking it 
will also need replacing. 

A more thorough coverage of this subject can be found in Volume 2 of 
this series, Machinery Failure Analysis and Troubleshooting. 


Pump Preventive Maintenance 


Earlier we had attempted to define the components of machinery main- 
tenance strategy. We believe that preventive maintenance activities 
around process pumps have to be shared by vigilant operators and main- 
tenance personnel. Table 1-1 is presented as a guide for this task. 
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Table 1-1 
Recommended Preventive Maintenance Checks 
Centrifugal Pumps and Drivers 


Intervals Routine 


Daily —Check pump for noisy bearings & cavitation noise. 

Dally © —Check bearing oll for water, discoloration & contamination. 

Daily —Feel all bearings for temperature. 

Monthly —Add oil if required. 

Monthly —Clean oiler bulbs & level windows as required. 

fall & —Do seasonal oil change-out if required by Lube Guide. 

ummer 

Daily |—lInspect bearings & oil rings through filling ports. Wipe bearing covers clean. 

Monthly —Ascertain that oil level is correct distance from shaft center line. Adjust oiler as required. 

Daily © —Check for oil leaks at gaskets, plugs & fittings. 

1 Year —Machines not running—standby service:—Overfill bearing housing to bottom of shaft & ro- 
tate several turns by hand to coat shaft & bearings with oil. 
Drain back down to re-establish proper level. 

Daily —Self flushed pumps—hand check flush line temperature to determine flow through line. 
External flushed—pumps—determine if flow indicator & needle valve adjustment is O.K. 

Daily | —Determine if mechanical seal condition is normal. 


Daily © —Check any water cooling for effective operation. Hand test temperature differential across 
coolers, jackets & exchangers. Disassemble & clean out as required. 

Fall —Where cooling water is decommissioned, ensure that no water remains in jackets, coolers or 
piping. 

Fall — Inspect for damaged or missing insulation. 

Daily | —Check for operation of heat tracin: 


Yearly —Thoroughly nepect disc coupling Br signs of wear & cracks in laminations. Tighten bolts. 

Yearly —Dial indicator check coupting alignment in coupled condition. Use special coupling indicator 

clamps where possible. Ensure that thermal growth allowance is correct. 

Yearly —With indicator clamped to coupling, depress & lift on each coupling and note dial indicator 

change. Determine if deflection is normal for this machine. 

Yearly —Dial indicator check axial float of pump & driver shafts in similar manner. 

i Year —Apply light coat of Rust Ban to exposed machined surfaces to prevent rust & corrosion. 

Monthly —Clean out debrie from bearing brackets. Drain hole must be open. 

Daily | —Daetermine if steam leakage at packing & valves is normal. 

Daily © —Check for leaks at pressure casing & gaskets. 

Determine if steam traps are operating properly—no continuous biow & no water In casing or 
rain lines. 

i Year —Clean & oil governor linkage & valve stems. 

Yearly —Remove turbine sentinel valve. Shop test & adjust to proper setting. 

Yearly —Inspect trip valve & throttle valve stems & linkages for wear. Check overspread mechanism 

for wear. (Turbine not running.) 

Yearly —Remove mechanical governor cover & inspect ftyball seats, spring, bearing & plunger for 

wear. 

Yearly —Uncouple from pump & overspeed turbine. Ensure that trip valve will stop turbine with steam 
supply valve (throttle valve) fully open. Compare tripping speed with previous record. Adjust 
trip mechanism & repeat If necessary. Follow manufacturer's instructions when making ad- 
lustments. 

_ Where process permits, test run turbine coupled to pump. When not possible, run uncou- 
pled. With tachometer—verify proper governor operation & control. Determine if hand 
(booster) valves are completely closed when not required to carry load. This influences 
steam economy. 

2 Year —E€xercise overspeed trip & valve steam Sinkage on turbines not running. 

Year’ —Change oil In hydraulic gavemors. 

Monthly —Determine if hydraulic governor heater Is working. 

Monthly —Check for proper oil level & leaks at hydraulic governor. Check for oil leaks at lines, fittings & 


power piston. 
Monthly —Replace guards (repair If required). 
Monthiy —Determine if pump unit requires general cleaning by others. 


Yearly 
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Pump Repair 


Field Checks Before Removal 


Most pump repairs in the petrochemical environment are breakdown 
repairs as a consequence of component failure. Typical failure causes 
are: 


e Leaking shaft seal 

© Reduced pumping rate 
© Pump binding or stuck 
© Failed bearings 

© Excessive vibration 

® Leaking casing 


The following steps should be taken before the removal of the pump: 


1. Check with operator as to perceived failure cause. 
2. Run the pump where possible and attempt to diagnose failure by: 


© Looking 

© Listening 

© Feeling 

© Smelling 

© Measuring bearing temperatures 
@ Measuring power 

@ Analyzing vibration 

© Measuring flow and pressures 


Field Checks During Removal 


If diagnosis shows the pump has to be removed, a sequence of field 
checks will still be appropriate: 


. Check coupling for wear or lack of grease. 

. Visually check oil and oil level. 

. Remove pump, check body gaskets, seats. 

. Visually check impeller and casing wear rings. Also check impeller 
vs. casing wear ring clearance, check impeller, volutes and balance 
holes for plugging. 

5. Check flush lines and quench lines for internal corrosion or plug- 

ging. 

6. Visually check condition of gauges, etc. 

7. Remove pump to shop for repair. 


BRWN — 
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If failed bearings are suspected in pump or motor: 


e@ Check radial clearance and end float in motor. 
e@ Run motor and check for abnormal noise, vibration. 
e If motor is bad, remove and repair. 


Diagnosing Pump and Seal Problems In the Shop 


While the pump is being repaired it is advisable to carefully examine 
every component. A recommended procedure is to match mark all parts 
prior to disassembly and to make the following checks while dismantling 
the pump: 


L. 


— 


_ 
N 


_ 
ve 


Visually check impeller and nut for wear, erosion, corrosion and 
other deterioration. 


. Remove seal flange nuts and check seal tension. 
. Record impeller position in relation to pump frame. 
. Remove impeller nut and impeller. 


Inspect wear rings inboard, if any. 


. Check and record throttle bushing clearance. 

. Check body gasket faces. 

. Remove stuffing box body from pump frame. 

. Check stuffing box gasket face, bore, and pilots. 

. Remove and inspect all shaft keys. 

. Remove sleeve, seal, sleeve gasket and sleeve flange. If neces- 


sary, determine the cause of seal failure and inspect condition of 
parts. 


. Check pump bearings for roughness. Record shaft end float, 


check shaft for wear, erosion, corrosion and straightness. 


. Excessive shaft axial end play: 


Excessive shaft movement can result in pitting, fretting, or wear at 
points of contact in shaft packing and mechanical seal areas. It can 
cause over or under-loading on springs resulting in high wear rates 
and leakage. It can also cause excessive strain and wear on pump 
bearings. Defective bearings in turn can cause excessive shaft end 
play. 


To check for this condition a dial indicator should be installed so 
that its stem bears against the shoulder on the shaft (Figure 1-6). 
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Figure 1-6. Checking for end play. Figure 1-7. Checking for bent shaft. 


14. 


15. 


A soft hammer should be used to lightly tap the shaft on one end 
and then the other. Total indicated end play should be between 
.001 in. and .004 in. for proper assembly. 


Bent shaft: 


When a pump shaft is bent or out of alignment, bearing life, seal 
life, and performance are impaired. Bent shafts also cause vibra- 
tion and coupling failures. To check for this condition, install a 
dial indicator to the pump housing and adjust so that the stem bears 
on shaft outside diameter. Rotate shaft and check for run-out. If 
run-out is greater than .002 in. the shaft should be straightened 
(Figure 1-7). 


The shaft should be checked in several different locations. 


Check all pilot fits for concentricity. Also check for excessive 
shaft radial movement: 


Excessive radial shaft movement allows shaft and seal to whip, 
deflect, and vibrate. This type of movement is caused by improper 
bearing fit in pump bearing housings or possibly an undersized 
shaft. If the bearing bore is oversized, determine if it was caused 
by corrosion, wear or improper machining. To check for this con- 
dition, a dial indicator should be placed on the shaft OD as close to 
the bearings as possible. The shaft should be lifted, or light pres- 
sure applied to shaft. If the total movement exceeds .003 in. maxi- 
mum, bearings and bearing fits should be checked and necessary 
repairs made (Figure 1-8). 
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RADIAL BEARING 





Figure 1-8. Checking for whip or deflection. Figure 1-9. Checking for stuffing box 


16. 


17. 


squareness. 


Stuffing box squareness: 


If the face of the pump stuffing box is not perpendicular to the 
shaft axis, the mechanical seal gland will tilt when installed. This 
may cause the seal to wobble and could lead to seal failure. 

To check for this condition, clamp a dial indicator to the shaft with 
the stem against the face of the stuffing box, after the cover has 
been bolted in place. Total indicator measurement should not ex- 
ceed .002 in. If face measurement should exceed this tolerance, 
the cover should be placed in a lathe and machined square. Stuff- 
ing box faces should always be checked for pitting, nicks, burrs, 
and possible erosion before installing the seal (Figure 1-9). 


Check for bore concentricity: 


The concentricity of a stuffing box bore and shaft can be difficult 
to measure because of rust or corrosion due to leaking gaskets. 
Concentricity is critical and may have to be reestablished by weld- 
ing and remachining. On large double-ended pumps where there is 
a large separation between stuffing boxes it is very important that 
the concentricity be held to design tolerances. 


To check for concentricity, attach a dial indicator to the shaft and 
sweep as shown in Figure 1-10. 


Stuffing boxes should be concentric to the shaft axis within .005 
in. total indicator reading. If readings are in excess of this, the 
pump may have to be realigned and redowelled. 
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Figure 1-10. Checking for bore concentricity. 


18. If bearings are found to be rough or the end float is excessive: 


® Remove pump shaft and bearing from housing. 

® Remove bearings from shaft. 

© Check shaft fits, coupling, bearings. 

© Check shaft straightness and polish lightly. 

@ Clean and check bearing fits in housing. 

© Repair or replace all faulty and worn parts prior to reassembly. 


Detailed Inspection Procedures 


There are several basic rules that should be observed when inspecting 
and repairing process pumps. Some of these are: 


1. Have a good understanding what clearances and fits should be met. 

2. Record all data and measurements on suitable inspection forms. 
(See Appendixes A and B at the end of this Chapter.) Record all 
unusual deterioration found while dismantling the pump. 

3. Use new gaskets and O-rings when reassembling the pump. 

4. Keep the work place clean. 


Inspection of Parts 


Shafts 


1. Check for straightness: Runout is not to exceed .002 in. Bearing 
seats must be in good condition. 

2. Inspect threads, keyways, and shoulders on shaft. Repair if dam- 
aged. 
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3. Measure and record all shaft fits. Undersized or damaged fits 
should be repaired by the procedures outlined in Volume 3 of this 
series. 


Case End Wall and Cover 


1. Measure and record all fits between pump casing and mating parts. 

2. Remove all plugs and fittings to inspect threads. Reinstall all plugs 
and fittings. 

3. Inspect and indicate mounting pads to ensure they are flat and par- 
allel with pump centerline. Machine, if out of alignment. 


Bearing Housing and Bearings 


1. Observe good anti-friction bearing mounting procedures (see Vol- 
ume 3 for details). 

2. Ball bearings: Replace if worn, loose, or rough and noisy when ro- 
tated. If dirty, clean with solvent, dry and coat with a good lubri- 
cant. New bearings should not be unwrapped until ready for use. 
Whenever in doubt about the condition of a bearing, scrap it. But if 
the bearing is still relatively new, and feels and looks good, don’t 
discard it. 

3. Sleeve bearings: Check surfaces of bearing and shaft for imperfec- 
tion, babbitt build-up, and hot spots. Small imperfections do not 
harm the bearing. A typical diametral clearance is .0015 in. per in. 
of shaft diameter. For proper operation, clearances should never ex- 
ceed .003 in. per in. of shaft diameter on typical pumps. 


Mechanical Seals 


Refer to Chapter 8 in Volume 3 for maintenance and repair of mechani- 
cal seals. 


Impellers 


1. Replace if excessively worn or corroded. The impeller should have 
been statically and dynamically balanced at the factory, and static 
and dynamic balance must be maintained for proper operation of 
your equipment. 

2. Inspect and measure impeller bore and if worn or deteriorated, ma- 
chine true. Recondition the shaft to fit revised impeller bore size. 
Refer to Volume 3 for guidance. 

3. Measure outside diameter of impeller wear rings and record size. 
Refer to Table 1-2 for diametral clearances. 
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Table 1-2 
Required Diametral Clearances—Process Pumps Wear Rings* 


Diametral Clearance 


Wear Ring Diameter Under 500°F Over 500°F 
3 in. through 5 in. 016 018 
5 in. through 6 in. O17 .019 
6 in. through 7 in. .018 .020 
7 in. through 8 in. .019 021 
8 in. through 9 in. -020 .022 
9 in. through 10 in. 021 023 
10 in. through 11 in. 022 .024 
{1 in. and over .023 .025 


* An additional diametral clearance of .005 in. is provided if both wear rings are made of 
austenitic stainless steel, Monel or other materials with high galling tendencies. 


Casing and impeller wear rings are provided at both sides of the impel- 
ler on API-type pumps. These rings allow a small clearance to be main- 
tained between the rotating impeller and stationary casing rings. For 
proper hydraulic performance these clearances should approximate the 
experience values indicated in Table 1-2. Rings should be replaced when 
clearances have increased to a point where hydraulic requirements cannot 
be met or where inefficient operation would prove wasteful. For API val- 
ues refer to Table 1-3. 

Why deo wear ring clearances deserve our attention? The following sec- 
tion will provide the answer. 


Keep Pumps Operating Efficientiy** 


In centrifugal pumps, it is essential to pump operability and hydraulic 
performance that excessive internal leakage (or recirculation) be pre- 
vented. This is accomplished by establishing and maintaining close run- 
ning clearances between stationary and rotating wear rings which restrict 
fluid flow to seal between the inlet and outlet of each impeller and be- 
tween stationary and rotating interstage bushings. These bushings effect 
sealing between the stages of a multistage pump. Certain types of pumps 
contain hydraulic thrust balancing devices, another source of internal 
pump leakage. 


** From “Keep Pumps Operating Efficiently,” by J. Lightle and J. Hohman, Dresser 
Industries, Pacific Pump Division, in Hydrocarbon Processing, Sept. 1979. By per- 
mission of Dresser Industries, Pacific Pump Division. 
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As the close clearances become larger through wear, corrosion, ero- 
sion or perhaps questionable maintenance practices, internal leakage 
rates increase. The increased leakage must be pumped and repumped 
continuously by the impeller, requiring additional input horsepower. 

The amount of added power to continuously recirculate excessive in- 
ternal leakage is a function of the pump specific speed*. In low specific 
speed pumps (low capacity-high head) excessive running clearances re- 
sult in larger percentage changes in power requirements than occur in 
high specific speed pumps (high capacity-low head). This is reflected in 
the empirical data plotted in Figure 1-11. 


* For an explanation of pump specific speed refer to Figure 1-13. 
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Figure 1-11. Added power resulting from excessive wear ring clearance for different spe- 
cific speeds. 
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Design flow = 1550 gem 
Design head = 725 ft. 
Designel. =67% 
Design pwr. = 424 bhp 
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Figure 1-12. Pump performance curves. 


The data in Figure 1-11 are somewhat misleading since it may be easy 
to conclude that high specific speed pumps do not cause excessive costs 
resulting from worn clearances. Beware, however, that small percentage 
changes of large horsepowers result in large annual costs. Also, as noted 
in the following example, mechanical operation may be adversely af- 
fected by excessive clearances in pumps of various specific speed ranges. 


A typical example: Consider a single stage, overhung process pump—one 
designed to produce a total head of 725 ft at 1,550 gpm when operating at 
3,550 rpm. Such a unit can be considered a typical process pump. Figure 
1-12 shows the characteristic performance curves for an example pump; 
all scales are shown as a percentage of the design conditions. The solid 
curves indicate performance of the pump in new condition. 

At the design operating capacity, the unit is 67 percent efficient, re- 
quiring 424 bhp* input horsepower (assuming the pumpage has a specific 
gravity of 1.0). 

Referring to the specific speed nomogram (Figure 1-13), it is deter- 
mined that our example pump has a specific speed of 1,000. 

Now, going back to Figure 1-11, we see that if the wear rings have 
worn to the point where running clearances have doubled (increased by 
100 percent), a pump having a specific speed of 1,000 will suffer an in- 


* Brake horsepower 
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Figure 1-13. Specific speed nomogram. 


crease in required horsepower input of approximately 4.8 percent; in our 
example, this amounts to approximately 20 brake horsepower. The .038 
in. wear performance curve on Figure 1-12 shows the worn-condition 
performance characteristics of the example pump. 

Figure 1-14 shows the annual power cost this extra 20 brake horse- 
power will represent to you, based on 300 days per year operation. 

If your power cost is 6¢/kWh, your annual power cost resulting from 
internal wear in this pump would be $6,440. If yours is a “typical” 
100,000 bbl/day refinery using 25,000 pump horsepower, an overall in- 
crease of 5 percent in your pump horsepower requirements could repre- 
sent additional costs of $400,000 per year. 


Maintenance practices. Normal operational wear is not the only cause of 
excessive part clearances in pumps, nor are wasted dollars and fuel the 
only adverse effects. 

Intentional opening up of wear ring or other wearing part clearances is 
used by some maintenance people to solve certain pump operating prob- 
lems. Unfortunately, such practices sometimes appear to be effective— 
over the short run. Over a period of time, however, such practices can 
create other problems. The resulting increased internal leakages within 
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the pump (and the accompanying increased power required to pump the 
additional flow) seem to many to be a small price to pay, if in fact such 
criteria are considered at all. But, from a purely mechanical standpoint, 
the stability of the rotor is perhaps safeguarded only as long as normal 
running clearances are maintained. Typical consequences of liberally 
open clearances are likely to include excessive vibration, overheating and 
ultimately pump or driver bearing failure, shaft breakage, driver over- 
loading, and possible total pump destruction. Ultimate maintenance costs 
can be very high and unit operation can be compromised through prema- 
ture and repeated outages. 

If two or more pumps are designed for parallel operation and share to- 
tal capacity, then unequal running clearances can cause unequal load 
sharing by the pumps. One or more of the units can be forced to operate 
at significantly more or less than its design flow rate. Efficiency falls off 
and brake horsepower requirements increase even beyond those caused 
by excessive running clearances. 


Running clearances. Greater than normal wear ring clearances at the im- 
peller inlet eye increase the flow rate through the impeller (not out the 
discharge nozzle of the pump), increase the effective inlet fluid tempera- 


Increased annual power cost, $1000 





Increased power consumption, bhp 


Figure 1-14. Annual costs based on 300 days per year continuous operation. 
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Tabie 1-3 
Minimum Running Clearances 


Diameter of Rotating 


Member at Clearance Minimum Diametral 

(Inches) Clearance (Inches) 
<2 0.010 
2.000-2.499 O0.0LL 
2.500-2.999 0.012 
3.000-3.499 0.014 
3.500-4.999 0.016 
5.000-5.999 0.017 


ture in the impeller eye, and can introduce undesirable flow patterns in 
the impeller inlet. On pump installations having marginal NPSH* avail- 
able, these effects can result in noise, vibration and physical damage nor- 
mally associated with cavitation. 

Original design wear ring clearances can be obtained from the pump 
manufacturer, and usually agree with the diametral clearances specified 
by API Standard 610, Section 19. The API recommended clearances are 
shown in Table 1-3 and are comparable to the experience values shown in 
Table 1-2. 

The proper running clearances have been established based on operat- 
ing economy consistent with good pump reliability. 

Over a period of time, the design clearances will change due to wear, 
corrosion or perhaps as a result of operational problems such as over- 
heating, thermal shock or problems with bearings or shaft sealing sys- 
tems. 

The best way to maintain minimum operating and maintenance costs 
resulting from increased wear part clearances is to establish a standard 
practice of measuring the running clearances whenever a pump is disas- 
sembled for any reason. On certain multistage pumps having thrust bal- 
ancing devices, monitoring external balance leak-off flow can be used as 
a means of gauging wear of internal parts. Increased balancing flows are 
a direct indication of wear. In addition to measuring running clearances 
during normal downtimes, wear parts should be checked for eccentricity, 
out of roundness, and signs of excessive corrosion or erosion. 

For best operation, obtain needed replacement parts from a reputable 
source. This will ensure correct materials, proper heat treatment to main- 
tain correct hardness and wear properties, and proper manufacturing tol- 


* Net Positive Suction Head 
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erances. It is especially important that special types of wear rings be ob- 
tained from a knowledgeable producer; typical special parts include ser- 
rated, stepped, or reverse-threaded wear rings, bushings, and thrust 
balancing devices. 

It is always incumbent on process plant management, purchasing, op- 
erators and maintenance people to make a conscious effort to minimize 
operating costs. One very effective way to accomplish this goal is to be 
alert to the adverse effects of excessive wear part clearances in your 
pumps. 


Caiculating the Cost of Your Excess Clearances 


Use Figures 1-11, 1-13, and 1-14 to calculate cost of excess wear ring 
clearances for the pumps in your plant. Since horsepower losses from 
excessive wear ring clearances vary widely by pump type and index, spe- 
cific speed (Ns) can be used to simplify these calculations. Use Figure 
1-13 and the instructions in step 1 to determine the specific speed for 
your pumps. 


Step 1—the nomogram, Figure 1-13, solves the Ns equation: 
Ns _ NQ!?/H?4 
Where: 


Ns pump specific speed, 


N = pump speed in rpm, 
Q = pump capacity in gpm, 
H = total head per stage in ft. 


To determine Ns from this nomogram, draw a line connecting Q and N 
for your pump. Note the intersection of this line with the pivot line. Then 
draw a line connecting this pivot point (the pivot line intersection of the 
QN-line) and H; extend the line to the Ns scale and read Ng for the pump. 


Step 2—Use Figure 1-11 to determine the percent increase in pump 
bhp for the percentage increase in wear ring clearance and N of your 
pump. 

Step 3— Determine the normal power requirement of your pump from 


the manufacturer’s performance curve, or calculate the design horse- 
power as follows: 


bhp = (QH/3960e) (s.g.) 
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Where: 
e = pump efficiency, 
s.g. = specific gravity of the pumpage, 
Q & H = as defined above. 


Multiplying the normal pump power requirement by the percentage de- 
termined in step 2 will yield the estimated wasted bhp resulting from ex- 
cessive wear ring clearance. 


Step 4—Figure 1-14 can now be used to estimate the increased annual 
cost in your plant based on your location’s cost of electricity. 


Pump Assembly Procedures“ 


Horizontal Process Pump Disassembly (Figure 1-15) 


Dismantling Rotating Element. The back pull-out design of the pump 
shown in Figure 1-15 allows the complete rotating assembly to be re- 
moved without disturbing the suction and discharge piping or the driver. 
Disconnect all auxiliary piping and drain the oil from the bearing hous- 
ing. After disconnecting the spacer type coupling (see separate instruc- 
tions), remove casing stud nuts. Screw bolts into the tapped holes in the 
casing cover (02) and tighten these jack bolts evenly to facilitate removal 
of the rotating assembly. The complete rotating assembly can now be 
moved to a clean area for further dismantling. 


Dismantling Casing Cover with Mechanical Seal 


After the complete rotating element has been taken to a clean work 
area, the unit can be fully dismantled by following these instructions and 
referring frequently to the sectional drawing: 


. Remove impeller nut (21-1) {L.H. Threads}. 

. With a suitable puller, remove impeller (05). 

. Remove impeller key (11-1). 

. Unbolt seal gland (07-2) from casing cover and slide back against 
deflector. 


hWNe 


* Courtesy Union® Pump (Canada) Ltd. Note that these procedures are typical and may 
have to be modified to suit different pump models. 
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Figure 1-15. Cross section and parts list of a horizontal overhung, single stage process 
pump. (Courtesy Union Pump (Canada) Ltd.) 


5. Unscrew cap screws holding bearing housing (49) to casing cover 
(02). 

6. Pull bearing housing (49) from casing cover (02). Be careful not to 
damage the mechanical seal. 

7. Loosen set screws holding seal rotating member to sleeve. 

8. Pull seal sleeve (22-2) and the mechanical seal rotating element off 
shaft. 

9. Remove mechanical seal from seal sleeve. Note: Mechanical seals 
have lapped sealing faces. Handle with care, keep wrapped in 
clean cloth and avoid contacting seal faces. 
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. Remove sleeve gasket (15-3). 

. Slide seal gland (07-2) from shaft (20). 

. Pull stationary mechanical seal from gland. 

. Remove gland gasket (15-2) and mechanical seal O-ring. 

. Press throttle bushing (47-3) from gland. 

. Grind off weld between cover (02) and case ring (08-2), and re- 


move case wear ring (08-2). 


. Press throat bushing (47-1) from cover (02). 
. Follow separate instructions for dismantling bearing housing. 


Dismantiing Bearing Housing 


After dismantling the casing cover, the bearing housing can be disman- 
tled (Figure 1-15). 


ona m ih WN = 


. Remove pump half coupling. 

. Remove deflectors (29-1 and 29-3). 

. Remove outboard end cap (13-2). 

. Slide shaft assembly out of bearing housing. 

. Remove ball bearing locknut and lockwasher (21-4 and 31). 
. Remove thrust bearing (81-2) and radial bearing (81-1). 

. Remove oil flinger (29-2). 

. “Tap-out” inboard bearing end cap (13-1). 


Dismantling of Between Bearings Process Pump 


General: The process pump shown in Figure 1-16* allows for com- 
plete change-out of bearings and mechanical seals without the necessity 
of disassembling the impeller or casing. To provide clear understanding, 
the disassembly and reassembly procedures have been broken down into 
specific sections: 


© Bearing housings—ball bearing construction 

e Bearing housings—sleeve bearing construction 

e Stuffing boxes with various sealing arrangements 
e Complete disassembly of pump rotating element 


After the pump has been shut down and the motor secured in the off 
position, drain pump casing of all liquid. Drain oil from bearing housing 
and disconnect water and flush piping where necessary. 


* Courtesy Union® Pump (Canada) Ltd. Note that these procedures are typical and may 
have to be modified to suit different pump models. 
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Figure 1-18. Cross-section and parts list of a horizontal, double suction impeller, beam type 
process pump. (Courtesy Union Pump (Canada) Ltd.) 


Ball Bearing Disassembly and Reassembly—(Figure 1-16) 


. Remove coupling spacer and coupling nut (21-5). 

. Tap pump half coupling off its tapered seat. 

. Unbolt bearing housing (10). 

. Remove cap screws between bearing housing (10) and end cap 
(13-1) and loosen socket head set screws in deflectors (29). 


WN -— 
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. Slide deflector and end cap against sleeve nut. 

. Lift oil ring over oil ring collar to clear housing. 
. Slide bearing housing off bearings. 

. Remove in sequence the following parts: 


© Oil ring (17) 


e Bearing lock nut (21-4) 
e Bearing lock washer (31) 
e Oil ring collar (82-2) 

® Ball bearing (81-1) 

© Oil ring (17) 

® Oil ring collar (82-2) 


Note: Both inboard and outboard bearing housing and components are 
identical, with the exception of: 


a. 


b. 


Inner oil ring collar at outboard bearing is machined to special 
width for each pump to obtain correct setting of shaft in relation 
to stuffing box face. 

The outboard bearing housing utilizes a bearing spacer (25) to 
allow the thrust bearing to position the rotating element. 


9. Slide end cap (13-1) and deflector from shaft. After inspection has 
been carried out to verify component integrity, reassembly can be 
made as follows: 


a. 
b. 
c. 


Slide deflectors (29) on shaft against sleeve lock nut. 
Slide end cap (13-1) over shaft against deflectors. 
Install in sequence these parts: 


® Oil ring collars (82-2) (special at thrust bearing) 
© Oil ring (17) 

© Oil ring collar (82-2) 

© Bearing lock washer (31) 

© Bearing lock nut (21-4) 

© Oil ring (17) 


. Place 1/16 in. thick gasket (15-4) over inboard end cap and push 


inboard bearing housing over bearing (watch oil rings); insert 
dowels and bolt into place. 


. Bring inboard end cap forward and tighten cap screws. 
. Without placing end cap gaskets, slide outboard housing over 


bearing, bring end cap forward and tighten cap screws between 
end cap and housing finger tight. 
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g. Measure gap between housing and end cap and remove bearing 
housing from bearings. 

h. Insert gaskets with a thickness of .003 in. greater than mea- 
sured gap and push bearing housing over bearings, insert dow- 
els and bolt into place. 

i. Bring outboard end cap forward and tighten cap screws. 

j. Check shaft assembly for end play. End play should be .002 in. 

k. Slide deflectors into place and lock to shaft with socket head set 
screws. 

1. Rotate shaft to check that it is free to rotate and does not bind. 

m. Reinstall coupling. Make sure coupling is firmly seated on 

shaft, and coupling key does not interfere with proper mount- 
ing. 

n. Fil! housing with proper grade of oil. 

o. Check alignment of unit and lubricate coupling (lubricated type 
only). 


Bearing Housing—Sleeve Bearing Construction 


This arrangement consists of ring-oiled sleeve-type babbitt-lined radial 
bearings combined with an angular contact ball thrust bearing. The thrust 
bearing is relieved in the bore of the housing to assure freedom from in- 
terference with the radial alignment, and is oil-ring lubricated. Only por- 
tions of Figure 1-16 apply. 


l. 
2. 
3. 


a 


Remove coupling spacer and coupling nut (21-5). 

Tap pump half coupling off its taper seat on shaft. 

Loosen socket head set screws in deflectors and slide deflector 
back against sleeve seat. 


. Remove top halves of bearing housings and sleeve bearings. 
. Remove in sequence: 


a. End cap (13-1) 
b. Oil ring (17) 

c. Thrust bearing lock nut (21-4) 

d. Thrust bearing lock washer 

e. Oil ring collar (82-2) 

f. Thrust bearing and bearing mounting sleeve 
g. Thrust bearing spacer 


. Remove lower halves of sleeve bearing and unbolt bearing hous- 


ings. 


. Slide deflectors off shaft. 
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After inspections have been carried out and proper clearances verified, 
these data should be logged for future reference. When all parts are 
cleaned and corrected as necessary, reassembly can be made as follows: 


10. 


11. 
12. 


13. 
14. 


15. 
16. 


. Slide deflectors (29) on shaft against sleeve lock nut. 
. Bring bearing housing lower halves up, install dowels and bolt 


into place. 


. Place oil rings over shaft into correct housing pocket. 
. Oil shaft and sleeve bearings and “roll” lower half bearings into 


housing. 


. Push thrust bearing spacer onto shaft. Note: This spacer is ma- 


chined to special width for each pump to obtain correct setting of 
shaft in relation to stuffing box face. 


. Assemble thrust bearings into bearing mounting sleeve and install 


as a unit on shaft (duplex bearings are mounted “back-to-back”). 


. Assemble in sequence the following parts: 


. Oil ring collar 

. Bearing lock washer 

. Bearing lock nut (21-4) 

. Oil ring (17) 

. Top half of sleeve bearings 

. Top half of bearing housings 


andon 
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. Without gaskets, push thrust bearing end cap into position and 


tighten cap screws between housing and cap finger tight. 


. Measure gap between housing and end cap and remove bearing 


end cap. 

Place gaskets with a thickness of .003 in. greater than the mea- 
sured gap over end cap and install cap. Draw cap screw down 
tight. 

Check shaft assembly for end play. End play should be .001 in. to 
.003 in. 

Slide deflectors into place and lock to shaft with socket head set 
screws. 

Rotate shaft and check that it is free to rotate and does not bind. 
Reinstall coupling. Make sure coupling is firmly seated on shaft 
and coupling does not interfere with proper mounting. 

Fill housing with proper grade of oil. 

Check alignment of unit and lubricate coupling (lubricated type 
only). 
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Stuffing Box With Mechanical Seal 


Most pump stuffing boxes are designed to accommodate different 
types and makes of mechanical seals. The modified cartridge design al- 
lows easy installation and additionally provides protection against sleeve 
movement on high suction pressure application (Figures 1-15 and 1-16). 

After the bearings have been disassembled, the mechanical seals can be 
removed as follows: 


l. 
2. 


3. 


a 
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Unbolt seal gland and slide off shaft. 

Loosen socket head set screws in sleeve seat and remove nut with 
spanner wrench. 

A 10-24 tapped hole is provided in key to assist in removing sleeve 
key. 


. Pull sleeve and mechanical seal rotating assembly off shaft. 
. Remove mechanical seal from seal sleeve. Mechanical seals have 


lapped faces—handle with care; keep wrapped in clean cloth and 
avoid contacting seal faces. 


. Remove sleeve gasket (15-3). 
. Pull stationary mechanical seal from gland (07). 
. Remove gland gasket and mechanical seal O-ring. 


. Press throttle bushing from seal gland. 


After inspection has been carried out and all parts are cleaned and cor- 
rected as necessary, the mechanical seal can be reinstalled. 


1 


. Press throttle bushing into seal gland. 


2. Insert stationary seal face into gland, being careful not to damage 


O-ring. 

. Slide sleeve gasket against shaft shoulder. 

. Install rotating assembly of mechanical seal on shaft sleeve. For 
special seals follow instructions given separately; for standard 
seals use the following procedure: 


a. Wipe both lapped sealing faces with a clean, soft cloth. 

b. Apply some oil to sleeve and slide rotating member onto 
sleeve. Be careful not to put oil on lapped seal faces. 

c. Position rotating member on sleeve as indicated on detailed seal 
drawing to be supplied by seal manufacturer. 

d. Tighten set screws which hold rotating member to sleeve. 


. Oil pump shaft and slide sleeve and sleeve assembly against shaft 
shoulder. 
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. Insert sleeve key, tighten sleeve nut with spanner wrench and lock 
sleeve nut in place with socket head set screw. 

. Bolt seal gland into place. 

. Reassemble bearing housing. 

. Verify that shaft is free to rotate and does not bind. 

. Follow detailed start-up instructions. 


— 
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Casing Disassembly 


The pump shown in Figure 1-16 is built in two basic casing arrange- 
ments:* 


1. Top Suction: Top discharge, centerline supported for hot applica- 
tions. 

2. Side Suction: Side discharge, foot mounted for general applica- 
tions. 


Both arrangements incorporate heavy supports to carry pipe strain and 
protect the casing from distortion. To reduce the radial load on the impel- 
ler and to obtain added strength, all sizes have double volute casings. 
Confined spiral-wound gaskets are provided between casing and casing 
cover. These gaskets not only ensure positive sealing to the atmosphere, 
but also positively seal the discharge from the suction passages to elimi- 
nate casing wash-out at this point. Metal-to-metal contact between casing 
and cover assures positive alignment and eliminates the need for feeler 
gauges or other checking devices. 

If it becomes necessary to disassemble the complete rotating element, 
the following procedure can be followed: 


1. Dismantle inboard bearing housing 

2. Dismantle inboard stuffing box 

3. Unbolt casing cover and with help from jack bolts remove remain- 
ing rotating assembly. Note: This assembly is very heavy and 
mechanical lifting devices are necessary. The eye bolt is not at the 
center of gravity and care must be exercised to balance the total un- 
balanced weight. 

4. While taking the assembly to a different work area, support the 
coupling end of the shaft at all times. 

5. Clamp the cover flange in a vise and again support the free end of 
the shaft. 

6. Disconnect the thrust bearing housing and the stuffing box. 


* Union® Pump Class “HOL” 
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. Slide shaft and impeller assembly from casing cover. 

. Remove impeller retaining rings and press impeller from shaft. 

. Case wear rings, throat bushings and impeller wear rings are tack- 
welded in place. Grind tack-weld off and remove rings and bush- 
ings. 


\o oo ~] 


After inspection of parts has been carried out and relevant dimensions 
recorded for future reference, reassembly can be carried out following 
these procedures: 


1. Press case wear rings, throat bushings and impeller wear rings into 
place and tack weld in three places. 

2. Install one impeller retaining ring and impeller key, and press im- 
peller on shaft against ring. 

3. Install second impeller retaining ring. 

4. Return all parts to casing and with coupling end first place shaft 
and impeller assembly into casing. 

5. Install gaskets, inner gasket into case and outer gasket on cover, and 
hold in place with heavy grease. 

6. Slide casing cover over shaft (watch bearing surfaces and threads) 
and bolt into place. 

7. Reassemble stuffing box. 

8. Reassemble bearing housing. 


Reassembling Casing Cover with Mechanical Seal 


After inspection has been carried out as outlined in the inspection sec- 
tion, and all parts are cleaned and corrected as necessary, the casing 
cover can be reassembled by following the instructions given below and 
by frequently referring to the appropriate sectional drawing, Figure 1-15 
or Figure 1-16. 


. Press throat bushing (47-1) into casing cover (02). 

. Press case ring (08-2) into casing cover (02) and tack weld in three 
places. 

. Press throttle bushing (47-3) into seal gland. 

. Insert stationary seal face into seal gland (07-1), being careful not 
to damage O-ring or seal face. 

. Slide gland over shaft against deflector and place sleeve gasket 
(15-3) on shaft. 

6. Install rotating assembly of mechanical seal on shaft sleeve. For 

special seals follow instructions given separately; for standard 

seals use the following procedure: 


in Ww Ne 
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a. Wipe the lapped sealing faces of rotating and stationary ele- 
ments perfectly clean with a soft cloth. 

b. Oil rotating member lightly and slide on sleeve, taking care not 
to get oil on the seal faces. 

c. Position rotating member on sleeve as indicated on detailed seal 
drawing. 

d. Lightly tighten set screws which hold rotating member to sleeve 
(see Tables 1-4 and 1-5). 


7. Oil pump shaft and slide sleeve and seal assembly over shaft. 

8. Insert impeller key (11-1). 

9. Press sleeve against shaft shoulder and firmly tighten set screw 
holding seal rotating member. 

10. Insert gasket (15-2) into groove on cover (02). 

11. Slide casing cover (02) over pump shaft (20) and seal, insert and 
tighten cap screws between housing (49) and cover. Check loca- 
tion of seal flush connection. 

12. Bring seal gland forward and start gland nuts. 

13. Squirt a few drops of light oil into the flush connection. 

14. Check shaft and make sure it is free to rotate. 

15. Draw gland nuts up evenly until metal to metal contact is realized 
between gland and cover. 

16. Push impeller onto shaft and draw up impeller nut (21-1) (L.H. 
Threads). 

17. Return complete back pull-out assembly to pump. 

18. Slide casing gasket (15-1) over cover. 

19. Slide rotating element into casing and tighten casing stud nuts 
evenly. 

20. Check shaft that it is free to rotate and does not bind. 

21. Follow start-up instructions. 


Reassembling Bearing Housing 


After inspection has been carried out and all parts are cleaned and cor- 
rected as necessary, the bearing housing can be reassembled by following 
these instructions and by frequently referring to the sectional drawing in 
Figure 1-15: 

1. Press inboard bearing end cap (13-1) into bearing housing (49) un- 
til face is flush with housing. Oil return hole must be properly lo- 
cated. 

2. Assemble oil flinger (29-2) on shaft (20) against the shoulder and 
lock in place with two socket head set screws. 
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Table 1-4 
Pump shaft diameters 


SHAFT DIAMETER 


TYPE OF 
PUMP At Coupling At Stuffing Box 
1.2500 


Mechanical 
Seal 









Table 1-5 
Permissible shaft run-out per ft. of diameter 





3. Slide thrust bearing (81-2) on shaft (20) as far as possible by hand. 
Oil bearing seat on shaft. Place pipe or sleeve over shaft, being 
sure it rests against inner race only. Tap sleeve evenly until bearing 
is seated firmly against shaft shoulder. 

. Assemble thrust bearing lock washer (31) and lock nut (21-4). 

. Slide radial bearing (81-1) on shaft (20) as far as possible by hand. 
Oil bearing seat on shaft. Place pipe or sleeve over shaft, being 
sure it rests against inner race only. Tap sleeve evenly until bearing 
is firmly seated against shaft shoulder. 

6. Install shaft (20) and bearing subassembly into bearing housing. 
Due to bearing and housing tolerances, it may be necessary to 
lightly tap shaft until the thrust bearing is seated against bearing 
housing. 

. Install bearing end cap O-ring or gaskets. 

. Assemble outboard bearing end cap (13-2). 

. Assemble inboard (29-1) and outboard (29-2) deflectors on shaft. 

. Install pump half coupling. 


ta 


_ 
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Note: Basic pump data are summarized in Appendix 1-C. 
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How and Why Centrifugal Pumps Continue to Fail 


It is not within the scope of this text to discuss and analyze the obvious 
differences in operating philosophies, priorities, workforce training, atti- 
tudes, etc., that must exist in order to have ten failures at location “A” for 
every single failure at location “B”. Instead, this chapter outlines and 
explains a range of tangible problems and failure causes a competent trou- 
bleshooter must pursue and rectify if his or her plant is to become one of the 
above-average performers. Some of these troubles are perhaps well known 
but tend to be de-emphasized; others are truly elusive and, therefore, merit 
close attention. 


Selection-related Problems 


Centrifugal pump impellers will usually perform well over a wide range 
of flows and pressures. However, impellers designed for conditions of low 
NPSHR, Net Positive Suction Head Required, at the suction eye vane tips 
may suffer from recirculation when operating at low-flow conditions. Recir- 
culation can occur at both the impeller inlet and outlet, and at very low 
capacities will usually be present at both. Operation at lower than design 
flows means operation at reduced efficiency: A higher proportion of the 
power input will be converted to frictional heat. 


Figure 1-17 illustrates a section through a single-suction impeller with 
fluid recirculation vortices occurring near the periphery.! This internal recir- 
culation will often cause significant reductions in seal and bearing life. 
Moreover, operation at low flow will result in higher bearing loads, 
increased shaft deflection, and potential fatigue failure of pump shafts.” 





Figure 1-17. A section through a single-suction impeller with fluid recirculation vortices 
occurring near the periphery. 
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Figure 1-18, Lack of hydraulic balance may overload thrust bearings. 


Design-related Problems 


Although statistically less prevalent, design problems do occur and may 
have to be addressed. Lack of hydraulic balance may overload thrust bear- 
ings (refer to Figure 1-18).? Here, the pump manufacturer had calculated a 
load of 1,000 lbs. at zero-flow conditions. Frequent bearing failures were 
explained when field tests showed actual loads in the vicinity of 2,600 lbs. 
Because ball bearing life changes as the third power of the load ratio, this 
2.6-fold load increase would reduce the probable bearing life to 1/17 of the 
pump manufacturer’s anticipated bearing life. The problem was solved by 
redesigning the pump impeller. 

Older pumps that were originally designed for packing as a means to con- 
tain the pumpage may be prone to frequent mechanical seal failure. The root 
cause of the problem may well be related to shaft slendemess; that is, the old 
braided packing acted as a stabilizing bushing. Insertion of a suitably dimen- 
sioned graphite bushing often proved to be beneficial. 

There may also be pumps with less than optimum internal gap or clear- 
ance values.*: > Incorrect internal dimensions may cause pump component 
breakage, involving impellers, fasteners, bearings, or mechanical seals. Cor- 
rect gap values are given in Table 1-6. 


Installation Problems 


A surprisingly large number of installation-related deficiencies continue to 
plague literally thousands of centrifugal pump users worldwide. 
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Table 1-6 
Recommended Radial Gaps for Pumps 


Recommended Radial Gaps for Pumps 
Gap "B" Percentage of Impeller Radius 
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The importance of not allowing pump piping to exert undue stresses on 
nozzles and baseplates is simply not appreciated by many maintenance work- 
ers, reliability professionals, and operators. When it is not possible for a 
worker to manually push pump suction or discharge piping into position to 
mate with the pump flanges, pipe stress is excessive and should be corrected 
before inserting and torquing up the flange bolting. Regardless of flange and 
nozzle size, it is never good practice to pull piping into place by means of 
chainfalls or other mechanical stressing devices. Figures 1-19A and B clearly 
show how piping induced stresses are prone to create pump-internal misalign- 
ment sufficient to cause the destruction of even the best mechanical seals.® 

Along the same lines, the customary practice of installing an entire pump- 
and-driver set on a common baseplate and then attempting to level and grout 
the entire assembly on the concrete foundation is not “best practice.” A reliabili- 
ty-minded engineer will insist on installing equipment baseplates by them- 
selves. This will greatly improve the probability of achieving truly level instal- 
lations. A desirable side benefit will be improved grouting access and full grout 
support under the entire baseplate. Figure 1-20 depicts grouting in progress.’ 





Figure 1-19. Piping-induced stresses are prone to create internal misalignment sufficient 
to cause the destruction of even the best mechanical seals. (A) Seal rotating ring. (B) Seal 
seat. 
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Figure 1-21. The tower diagonal line represents reasonable and readily achievable 
alignment precision for centrifugal pumps. 


Finally, the detrimental effects of marginal alignment accuracy between 
driving and driven shafts should prompt pump owners to insist on good 
alignment. The lower diagonal line in Figure 1-21 represents reasonable and 
readily achievable alignment precision for centrifugal pumps,® while Fig- 
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Figure 1-22. Estimated time to failure of rotating machinery due to misalignment. 


ure 1-22 shows the estimated time to failure of rotating machinery due to 
misalignment.? 


Assembly-related Problems 


A surprisingly large number of pump bearings are assembled without 
much attention to acceptable fits and tolerances. Table 1-7 shows bearing 
bore and shaft diameter minimum and maximum values recommended for 
centrifugal pump radial bearings. What is perhaps less well known is the 
fact that mating shafts and radial bearings, which are at the high and low 
ends of their allowable tolerances respectively, are likely to cause high oper- 
ating temperatures. 

More specifically, oil-ring-lubricated bearings will usually receive 
enough oil for adequate lubrication, but rarely will this amount be sufficient 
to preclude hot bearing housings if interference fits are at the high end of the 
apparent allowable interference spectrum. Hot bearing housings invite oper- 
ators to pour liberal amounts of water on the assembly; this causes the bear- 
ing outer ring to contract and bearing internal clearances to vanish, with 
rapid failures inevitable. But even if the operator resists the impulse to pro- 
vide this detrimental means to supplemental cooling, increased oil tempera- 
tures will lead to accelerated oxidation of the lubricant. 

Angular contact bearings require even more care. Mounted back-to-back 
and often provided with a small axial preload gap, these bearings are often 
intended for shaft interference fits in the order of 0.0001 in. to 0.0005 in. 
only. Sets of these bearings, FAG 7314B UO, are frequently supplied in cen- 
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Table 1-7 
Bearing Bore and Shaft Diameter Minimum and Maximum Values 
Recommended for Centrifugal Pump Radial Bearings 


Bearingborediameter[———SSSCSCSCSCSSCC~‘d 
Shaft dia. 
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trifugal pumps complying with API 610. Figure 1-23 shows that installing 
two of these bearings back-to-back with a radial interference of 0.0003 in. 
will produce an almost insignificant preload of approximately 22 lbs.; 
whereas, an interference fit of 0.0007 in. would result in a mounted preload 
of 200 Ibs. 

A much more significant preload would be created by bearing inner ring 
temperatures higher than bearing outer ring temperatures. With these tem- 
perature differences in centrifugal pumps and electric motors typically 
approaching 50°F, actual preload values could easily exceed 2,000 lbs. 
Worse yet, if the operator should decide to “cool” the bearing housing, a 
100°F temperature difference might result. At this time, the preload value 
will increase exponentially and the bearing would be in danger of imminent 
destruction. '° 
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Figure 1-23. Shaft fit vs. mounted preload on centrifugal pump bearings. 


Improving Seal Life 


Several Scandinavian pulp and paper plants routinely achieve in excess of 
42 months mean-time-between-failure (MTBF). In 1993, several North 
American paper mills reported a dismal four months MTBF for their hun- 
dreds of mechanical seals. While the failure ratios between North America 
and Scandinavia are less severely biased in such industries as hydrocarbon 
processing, there are still untold improvement options available to engineers 
and technicians who refuse to see their jobs as “business as usual.” 

A single % in. diameter hole drilled as shown in Figure 1-24, will safe- 
guard and dramatically extend the life of many mechanical seals by venting 
air trapped during shop work or gases that might accumulate in stand-by 
pumps. Of course, operator diligence and conscientious venting of centrifu- 
gal pump seal housings could accomplish the same thing. 

Another highly beneficial seal life extension program starts by identifying 
pumpage that contacts seal faces under pressure/temperature conditions at 
least 15°F away from the initial boiling point (IBP). Many of these applica- 
tions, and especially those containing massive amounts of solids, are candi- 
dates for dead-ended stationary seals and steep-tapered housing bores. 
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Figure 1-24. A single % in. hole will safeguard the life of mechanical seals. 


Stationary seals can accommodate greater shaft deflections and higher 
peripheral speeds than conventional mechanical seals. Many of the most 
dependable and reliable high MTBF installations use stationary seals in 
steep-tapered seal housings. 


Lubrication: Common But Misunderstood 


A rather large number of factors influence lubricating oil degradation and, 
consequently, pump bearing life. If your centrifugal pumps are equipped 
with rolling element bearings, there is little doubt that medium viscosity tur- 
bine oils (ISO Grade 68) will perform better than lighter oils originally 
specified by many pump manufacturers. However, by far the most frequent 
cause of lube oil related failures is due to water and dirt contamination. With 
only 20 ppm water in pure mineral oil, bearing race and rolling element 
fatigue life is reduced by an incredible 48 percent. Although the fatigue life 
reduction is less pronounced with inhibited lubricants, there are always 
compelling reasons to exclude water and dirt from pump bearing housings.!! 

Lip seals are a poor choice for centrifugal pumps requiring high reliabili- 
ty. Face seals offer superior “hermetic” sealing and should be given serious 
consideration.'® '3 

On a related subject, have you explained to your operators and mainte- 
nance personnel that a full bottle oiler is no guarantee of adequate lubrica- 
tion? The height of the beveled tube determines the level of oil in the bear- 
ing housing, and all too often there will be costly misunderstandings. 
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Figure 1-25. The sealing film near the bearing end cap. 


However, there are at least two considerably more elusive problems involv- 
ing bottle oilers. 

The first is shown in Figure 1-25. With a relatively viscous oil and close 
clearance at the bearing housing end seal—point S—an oil film may exist 
between seal bore and shaft surface. Good lube oils have a certain film 
strength and, under certain operating conditions, this sealing film near the 
bearing end cap may break only if the pressure difference between the bear- 
ing housing and atmosphere exceeds % in. of water column. 

If the bearing housing is exposed to a temperature increase of a few 
degrees, the trapped vapors—usually an air-oil mix—floating above the liq- 
uid oil level will expand and the pressure may rise to 4 in. of water column. 
While this would not be sufficient to rupture the oil film, the pressure 
buildup is sufficient to depress the oil level from its former location near the 
center of the bearing ball at the 6 o’clock position, to a new level now barely 
touching the extreme bottom of the lowermost bearing rolling element. At 
that time, the bearing will overheat and the lube oil in contact with it will 
carbonize. An oil analysis will usually determine that the resulting blacken- 
ing of the oil is due to this high temperature degradation.'* 

The second oil-related problem causes the contents of bottle oilers to turn 
grayish in color. This problem is primarily observed on ring-oil lubricated 
rolling element bearings. 

Suppose you have aligned precisely the shafts of the pump and driver. 
Nevertheless, shims placed under the equipment feet in order to achieve this 
precise alignment caused the shaft system to slant 0.005 in. or 0.010 in. per 
foot of shaft length. As a consequence, the brass or bronze oil slinger ring 
shown in Figure 1-26 will exhibit a strong tendency to run “downhill.” 
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Figure 1-26. Centrifugal pump with oil slinger ring. 


Bumping into other pump components thousands of times per day, the 
Slinger ring gradually degrades and sheds numerous tiny specks of alloy 
material. The specks of metal cause progressive oil deterioration, and ulti- 
mately, bearing distress. 

Pump users may wish to pursue one of two time-tested preventive mea- 
sures. First, use properly vented bearing housings or, better yet, hermetically 
sealed bearing housings without oiler bottles. The latter are offered by some 
pump manufacturers and incorporate bull’s-eye-type sight glasses to ascer- 
tain proper oil levels. The second preventive measure would take into 
account the need for radically improved pump and driver leveling during 
shaft alignment or, even more desirable, apply flinger spools as shown in 
Figure 1-27. Oil mist lubrication or direct oil injection into the bearings 
would represent a more dependable, long-term oil application method for 
centrifugal pumps. '> 


Other Practices Responsible for Reduced Pump Reliability 


Among the most wasteful and costly practices leading to premature dis- 
tress in pump antifriction bearings is water cooling. When applied to bearing 
housings. cooling water causes the bearing outer ring to contract. The result- 
ing increase in bearing preload will often reduce the bearing life expectancy. 
Similar distress may be introduced by moisture condensation due to cooling 
of air present in the bearing housing. 

Avoidance of cooling water is feasible if ISO Grade 68 or 100 mineral 
oils are used. Even better results have been obtained in installations using oil 


60 Practical Machinery Management for Process Plants 





Figure 1-27. Centrifugal pump with flinger spool. 


mist lubrication or properly compounded synthetic oils of the diester and/or 
polyalphaolefin type. Many refineries have stopped using cooling water in 
pump applications with fluid temperatures around 740°F.!® 

Similarly, a large number of pump users have come to realize that water- 
cooled pump support pedestals represent a serious liability at worst, and an 
unnecessary operating expense at best. Unforeseen corrosion incidents have 
led to the collapse of pedestals, in turn causing disastrous pump fires. Align- 
ment of driver and driven shafts with predetermined offset values have 
proven satisfactory in every case. 

Assembly-induced bearing problems also deserve attention. Rolling ele- 
ment bearings furnished with plastic cages can suffer damage when over- 
heated in defective heaters. They will be destroyed when heated by open 
flames, a practice observed on the assembly floor of a pump manufacturer in 
the 1980s. Do your maintenance/technical personnel know which code letter 
identifies plastic cages? The answer is “P,” for SKF bearings. Do they know 
that the letter directly behind the bearing identification number identifies the 
load angle and that dimensionally interchangeable angular contact bearings 
using the same number, but differing in just this one letter, may have allow- 
able load ratings that differ by a factor of 8:1? Compelling reasons for devel- 
oping a purchase specification for your rolling element bearings, and even 
more compelling reasons for personnel training! 
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Appendix 1-B 


Checklist for Rotating 
Equipment 
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DETAILED CHECKLIST FOR ROTATING EQUIPMENT: 


COUPLINGS 
MACHINE TAG NO. 


KEYS FILL KEYWAY AND DO NOT PROJECT BEYOND 
SHAFT END, 


HUBS POSITIONED ON SHAFT PROPERLY. 
SPACING BETWEEN HUBS INCHES. 
COUPLING SPACER IN PLACE, BOLTS NOT BOUND. 


OATE FILE REFERENCE 


MACHINERY 
3/20/84 RELIABILITY PROGRAM PAGE 1 0F 1 
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DETAILED CHECKLIST FOR ROTATING EQUIPMENT: 


COUPLING GUARD 
MACHINE TAG NO. 


MATERIAL 1S 12 GAUGE GALVANIZED STEEL. 
HINGED INSPECTION DOOR PROVIDED 
GUARD DOES NOT TOUCH SHAFTS OR HOUSINGS. 


GUARD ENCLOSES COUPLING TO PRECLUDE 
CONTACT BY PERSONNEL. 


GUARD DOES NOT DEFLECT WHEN CONTACTED 
BY PERSONNEL. 


GAPS BETWEEN GUARD AND ACCESSIBLE ROTATING 
PARTS NEVER LARGER THAN 1/2 INCH. 


DATE FILE REFERENCE 


3/20/84 MACHINERY RELIABILITY PROGRAM PAGE 1 OF 1 
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PUMP DATA SHEET 








VERTICAL 
ITEM NO. YARD NO. UNIT 
MANUFACTURER MODEL NO. S/N 
IMPELLER SIZE IMPELLER SETTING PUMP CURVE NO. 
MECHANICAL SEAL [_] Packine [J DHG. NO. 
MANUFACTURER SIZE/TYPE SEAL POT 
FLUID 
coupLinc: GEAR [[]  oraPHrace [] ory sHIm Pack [-]  OnG. No. 
MANUFACTURER SIZE/TYPE 
PUMP LUBPICATION: 
OIL MIST oRY sume [7] RING OIL [] — Pressure [] FLINGER [_] 


LUBE OIL TYPE 
MOTOR LUBRICATION: 














creaseo [_] 


creased (] 


OIL Mist DRY suMP [J RING OIL [] Pressure [] FLINGER [_] 
LUBE OIL TYPE 
OPERATING CONDITIONS: SUCTION DISCHARGE 
PUMPING TEMP, °F PRESS'JRE (PSIG) PRESSURE (PSIG) 
MOTOR DATA: YARD 
MANUFACTURER MODEL NO. S/N NO. 
HP, RPM VOLTAGE PHASE FLA 
MOTOR ROTATION (LOOKING TOWARD PUMP) crocxwrse [J COUNTERCLOCKWISE [_] 


MOTO® DOWELLEO: vES [] No [] SIZE 


FINAL ALIGNMENT: 


(=) (“) SUCTION 


VIBRATION DATA: 





PUMP 
1.8. BEARING HORIZ. MILS IN/SEC 
1.8. BEARING VERT. MILS IN/SEC 
O.B. BEARING HORIZ. MILS IN/SEC 
0.8. BEARING VERT. MILES IN/SEC 


ORIGINAL PURCHASE ORDER NO. 


SIGNATURE 


{SHOW LOCATION ON OWS. BELOW) 


MILS 
MILS 
MILS 
MILS 


POSITION 


1 


S4AFT LEVEL 


DISCHARGE 


POS; TION 
SHAFT LEVEL 


MOTOR 

















= 
< 


IN/SEC 
IN/SEC 


IN/SEC 
IN/SEC 


OATE 


CIN./FT.) 


(CIN./FT.) 
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PUMP DATA SHEET 



































HORIZONTAL 

ITEM NQ. YARD NO. UNIT 
MANUFACTURER MODEL NO. S/N 
IMPELLER SIZE PUMP CURVE NO. 
MECHANICAL SEAL [_] pacxine L] GWE. NO. 

MANUFACTURER SIZE/TYPE SEAL POT 

FLUIO 

COUPLING: GEAR [LJ  o1APsRacw ([] cry swim Pack (] = owG. No. 

MANUFACTURER SIZE/TYPE 
PUMP LUBRICATION: 

oi mist ory sump [J Ring oi. [J pressure [1] FLincer [J GREASED [-] 


LUBE OIL TYPE 
MOTOR LUGRICAT ION: 
OIL mist ory sump [] ring ort [J Pressure [_] FLINGER [_] creasen {["] 
LUBE OIL TYPE 























OPERATING CONOITIONS;: SUCTION DISCHARGE 
PUMPING TEMP. 7F PRESSURE (PSIG) PRESSURE (PSIG) 

MOTOR DATA: varo 
MANUFACTURER MOSEL NO. S/N No. 
HP aPM (OLTAGE PHASE __ FLA 
MOTCR ROTATION iLOQKING FCWARD SUMP) cLockwise [-] COUNTERCLOCKWISE (] 

BASE LEVEL AFTER GROUTING LINCHES/FEET) AXIALLY RADIALLY 

CALCULATED TEMPERATURE RISE: UMP MOTOR 

PUMP OCHELLED: yes [7] xo [] SIZE LOCA riGN 

MOTOR GGWELLED: 1&8 ([j xc [] SIZE LOCATION 


FINAL ALIGNMENT: 


VIBRATICN OATA: 























PUMP MOTOR 
1.8. BEARING 4ORIZ. MILS CEN SEC MILS IN/SEC 
1.3. BEARING VERT. MILS IN/SEC MILS IN/SEC 
O.d. SEARING HORIZ. M{LS__ CIN SEC “ILS OIN/ SEC 
0.8. BEARING VERT. MILS ss IN SEC MILS IN/SEC 











ORIGINAL PURCHASE OROER NO. 





SIGNATURE 


DATE 


UNIT 
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DETAILED CHECKLIST FOR ROTATING EQUIPMENT: 
CENTRIFUGAL PUMP RUN-IN 
MACHINE TAG NO, 
DATE/BY 


MoTOR IS LARGE ENOUGH TO DRIVE PUMP WITH 
RUN-IN LIQUID. 


TEMPORARY AMPMETER IS INSTALLED. MOTOR FULL 
LOAD AMPS. 


PRESSURE GAUGES ON BOTH SIDES OF SUCTION 
STRAINER. 


WRITTEN DETAILED RUN-IN PROCEDURE FOR 
PUMP ON HAND, 


PERSONNEL UNDERSTAND PROCEDURE, 


PUMP VENTED AND PURGED WITH No CIF REQUIRED), 


SUCTION VALVE FULLY OPENED. 
MINIMUM FLOW BY-PASS VALVE FULLY OPENED. 


DISCHARGE VALVE OPENED APPROXIMATELY 
20 PERCENT 


PUMP FULLY PRIMED, 
COOLING WATER TURNED ON, 
SEAL POT(S) HAVE OIL AT PROPER LEVEL. 


NO UNUSUAL NOISES OR VIBRATION AT 
START-UP. 


SUCTION PRESSURE REMAINS CONSTANT. 
POSITIVE DISCHARGE PRESSURE, 

SUCTION PRESSURE PS{G APPROX, 
DISCHARGE PRESSURE PSIG APPROX. 
MOTOR AMPS APPROX. 

PHASE AMPERAGE READINGS ARE EQUAL. 


|_FILE REFERENCE | 
MACHINERY RELIABILITY PROGRAM 
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gaa-712z0 





















DETAILED CHECKLIST FOR ROTATING EQUIPMENT; 
CENTRIFUGAL PUMP RUN-IN 


MACHINE TAG NO. 





20. ABSENCE OF LEAKS ON CONNECTIONS AND PIPE 


FLANGES, 


21. OBSERVED DATA TAKEN DURING RUN-IN. 
Bec. THR, 25R, 3 HR, 4 ER, 
LOAD CURRENT AMP. 


Disp, (P-P) MoTOR, IN/OUT MIL. 





VEL. MoTOR. IN/OUT IN./SEC. 


Disp. (P-P), IN/OUT MIL. 


VEL. PUMP, IN/OUT IN. /SEC, 


NOISE DBA 


22. FOUR HOUR RUN-IN COMPLETED. 


23, SHUT DOWN PER RUN-IN PROCEDURE, 









OATE FILE REFERENCE 


3/20/84 








MACHINERY RELIABILITY PROGRAM 
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1. 
2. 
3. 
4. 


5. 


6. 


7. 


\o 


10. 
11. 


12. 


Appendix 1-C 
Basic Data 


Fits and Clearances for Centrifugal Pumps 


Ball bearing I.D. to shaft—.0001 in. to .0007 in. interference. 

Ball bearing O.D. to housing—.0005 in. to .001 in. clearance. 

Sleeve to shaft—.001 in. to .0015 in. clearance. 

Impeller to shaft—metal to metal to .0005 in. clearance. 

Note: Pumps such as horizontal axial split and multistage vertical 
pumps have interference fits. Consult your reliability engineer- 
ing group on these. 

a. Throat bushing to case—.002 in. to .003 in. interference. 

b. Throat bushing to shaft—.015 in. to .020 in. clearance. 

c. Throat bushings on some vertical inline pumps act as intermediate 
bearings and require closer clearance. Check with your reliability 
engineering group on these pumps. 

a. Impeller ring to hub—.002 in. to .003 in. interference doweled or 
spot welded in at least two places. 

b. Impeller ring to case ring clearance—.010 in to .012 in. plus .001 
in. per inch of impeller ring diameter up to a 12 in. ring. Add .0005 
in. per inch of ring diameter over 12 in. For temperatures of 500°F 
and over, add .010 in. Also add .005 in. for gallable material (i.e., 
stainless steel). 

c. Renew impeller rings when clearance reaches twice original clear- 
ance. 

a. Case rings are not to be bored out larger than 3 percent of original 
diameter. 

b. Case ring to case—.002 in. to .003 in. interference. Dowel or spot 
weld in minimum of two places. 


. Oil deflector to shaft—.002 in. to .003 in. clearance. Install “O” ring 


in LD., if possible. 


. a. Packing gland to shaft—*: in. clearance. 


b. Packing gland to stuffing box bore %: in. clearance. 

a. Lantern ring to shaft—.015 in. to .020 in. clearance. 

b. Lantern ring to stuffing box—.005 in. to .010 in. clearance. 

Coupling to shaft—metal to metal—.0005 in. clearance. Large high 

HP pumps (400 hp and larger) may have interference fit; consult your 

reliability engineering group on these. Taper bore couplings and 

hydraulic dilation hubs are also interference fits. 

a. Seal gland alignment boss to stuffing box—.002 in. to .004 in. 
clearance. 

b. Seal gland throttle bushing to shaft—.018 in. to .020 in. clearance, 
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unless otherwise specified for hot pumps. 

13. Seal locking collar to shaft—.002 in. to .004 in. clearance. 

14. Seal spring compression—4 in. long springs = %s in. 
% in. long springs = % in. unless specified otherwise 
A in. short springs = %s in. 

15. Rotating and stationary seal rings—sealing surface to be flat within 
three light bands. 

16. Heads, case, suction cover, bearing housing to case alignment fits— 
.004 in. maximum clearance. Use dial indicator and feeler gauges to 
ensure correct fit-up and alignment. 








Horizontal Axial Split Case 


. Stationary parts to fit case metal to metal to .004 in. clearance. 

. Measure and inspect case fits for wear and corrosion. Repair by build- 
ing up and re-machining. 

. All other repairs same as vertical radial split case pumps except: Case 
rings to be bored in jig, not chucked. 

4. Align element in case with feeler gauges and dial indicator. Dowel 
bearing housing in place after aligning. 

. When cutting gasket for horizontal split pumps, cut bolt hole openings 
on head and split gasket lengthwise. Cut the rest of the gasket on the 
case with all the slack in the bolt holes pulled to the outside edges. 
Leave stuffing box gasket length long. and trim after head has been set 
in place and tightened. 


Wo Ne 


a 


Chapter 2 


Installation, Maintenance, and 
Repair of Vertical Pumps* 


Types of Vertical Pumps for Process Plants 


The types of vertical pumps most commonly used in process plants 
include multistage process and condensate pumps, single stage inline 
process pumps, cooling water and cooling tower circulating pumps, and 
deepwell pumps. The multistage process and condensate pumps as illus- 
trated in Figure 2-1 utilize standardized diffuser bowl assemblies in- 
stalled in an outer barrel that is under suction pressure. This type of 
pump is often used where the available NPSH is not sufficient to accom- 
modate a horizontal pump, or where space is at a premium. The first 
stage impeller is located below foundation level, thus providing addi- 
tional NPSH. Reference 1 classifies these as vertical canned pumps of 
the double-casing type. Double casing refers to the type of construction 
in which the pressure casing is separate and distinct from the pumping 
element it contains. The single stage inline process pump shown in Fig- 
ure 2-2 is simple, and pipe strain has minimal impact on rotating element 
alignment. This type of pump is selected when low initial cost of the 
pump, foundation, and piping is especially significant, and sufficient 
NPSH is available. Cooling water and cooling tower circulating pumps 
as shown in Figure 2-3 take suction from an open pit, sump, lake, river, 
or ocean. They provide cooling water to process units and to steam gen- 
erating plant condensers. A typical deepwell pump is shown in Figure 
2-4. As the name implies, it pumps water from deep wells and is used to 
supply makeup and utility water to process plants in areas where the wa- 


* Copyright® 1984 by Byron Jackson Pump Division, Borg-Warner Industrial Products, 
Inc., Long Beach, CA. Reprinted by permission. 
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Figure 2-1. Multistage process or condensate pump. (Courtesy Byron Jackson Pump Divi- 
sion, Borg-Warner Industrial Products, Inc.) 
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Figure 2-2. Inline process pump. (Courtesy Byron Jackson Pump Division, Borg-Warner 
Industrial Products, Inc.) 
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Figure 2-3. Vertical circulating pump. (Courtesy Byron Jackson Pump Division, Borg- 
Warner Industrial Products, Inc.) 


ter table and water supply permits. Submersible pumps as illustrated in 
Figure 2-5 supply makeup and utility water from wells that are either too 
deep for reliable operation of deepwell pumps with line shafts or in loca- 
tions that for environmental reasons require underground discharge in- 
stallations. They also are used where motor noise would be a problem, 
and in locations subject to flooding. 


Types of Drivers 


Most vertical pumps in process plants are driven by vertical electric 
motors. The process pumps often have spares, driven by vertical steam 
turbines. Pumps driven through right angle gears by horizontal electric 
motors, steam turbines, or internal combustion engines are less common. 
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HOLLOWSHAFT MOTOR—— 
DISCHARGE HEAD 


BASE PLATE- 

HEAD SHAFT 

LINE SHAFT COUPLING- 
LINE SHAFT 

LINE SHAFT BEARING—— 
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PUMP SHAFT— 













TOP CASE————— 


SERIES CASE————_ 


SERIES CASE BEARING-———— 
COLLET———___ 


IMPELLER —-—— 


BOTTOM CASE——— 
BOTTOM CASE BEARING———_———-—_ 


STRAINER BODY- 
SUCTION STRAINER—————— 


Figure 2-4. Deepwell pump. (Courtesy Byron Jackson Pump Division, Borg-Warner Indus- 
trial Products, Inc.) 


Solid Shaft Drivers 


Solid shaft drivers are used to drive pumps with relatively short shafts, 
less than 30 to 50 ft long. They therefore are used to drive almost all 
process pumps and circulators. They provide more positive shaft align- 
ment which is especially important when the pumps have mechanical 
seals rather than packing. However, when a solid shaft driver is used, the 
axial adjustment of the pump rotor is limited by the height of the adjust- 
ing plate in the three-piece or four-piece coupling. The maximum axial 
adjustment is generally !/2 to 3/4 in. Thrust bearings normally will carry 


either downthrust or upthrust. The construction of a solid shaft motor is 
shown in Figure 2-6. 
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JUNCTION BOX-—————. 


DISCHARGE HEAD- ~ 
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PUMP SHAFT ————~ 
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OIL FILLED MoTOR-————-~ 





Figure 2-5. Submersible pump and motor. (Courtesy Byron Jackson Pump Division, Borg- 
Warner Industrial Products, Inc.) 


Hollow Shaft Drivers 


Hollow shaft drivers provide a means to adjust the axial position of the 
pump rotor for distances of several inches. They were developed many 
years ago to fill the need for large adjustments created by the demand for 
deepwell pumps of ever increasing settings, and are now standard for al- 
most all deepwell pumps. Hollow shaft drivers normally are designed to 
carry downthrust only and special provisions must be made if upthrust 
capability is required. The construction of a hollow shaft motor is shown 
in Figure 2-7. 
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Deepwell Pump Shaft Adjustment 


Details of the upper portion of a hollow shaft motor are shown in Fig- 
ure 2-8. To adjust the axial position of a deepwell pump rotor: 


1. Tighten the adjusting nut until the shaft starts to turn. This is an 
indication that the shaft has stretched to compensate for the weight 
of the rotor and that the impellers have lifted clear of the bowls. 


2. Engage the locking arm or otherwise hold the self release coupling 
against rotation. As the coupling is keyed to the shaft, the shaft is 
also held against rotation. 





Figure 2-6, Totally enclosed fan-cooled ver- Figure 2-7. Weather-protected type | (WPI) 
tical solid shaft normal thrust motor. (Cour- vertical hollow shaft high thrust motor. 
tesy U.S. Electrical Motors Division, Emer- (Courtesy U.S. Electrical Motors Division, 
son Electric Company.) Emerson Electric Company.) 
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PUMP HEAD SHAFT 





ADJUSTING NUT 


SELF RELEASE 
COUPLING 


LOCKING ARM 


Figure 2-8. Deepwell pump shaft adjustmient. (Courtesy U.S. Electrical Motors Division, 
Emerson Electric Company.) 


3. Tighten the adjusting nut to lift the pump rotor the distance recom- 
mended by the pump manufacturer to compensate for shaft stretch 
caused by pump thrust and to allow proper running clearance, Rec- 
ommended rotor lift is generally given on the pump nameplate or in 
the instruction manual. For pumps with semi-open impellers the 
running clearance is only a few thousandths of an inch. For pumps 
with closed impellers a typical running clearance is '/4 in. Shaft 
stretch caused by pump thrust will vary considerably from pump to 


pump. 


4. A typical adjusting nut design provides four tapped holes in the self 
release coupling, three drilled holes in the adjusting nut, and 12 
threads per in. With this design, the shaft can be locked in place by 
installation of the locking screw in any '/12 turn position, and the 
shaft setting will be within '/144 or .007 in. 


5. Disengage the locking arm. 
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An alternate method to set semi-open impellers is: 


1. Raise the rotor as high as it will go, then lower it two turns on the 
adjusting nut. While raising the rotor, do not use excessive force. 
Especially if the impellers are collet mounted, be sure that they are 
not pushed downward. Just raise the rotor until a very slight drag is 
detected when the shaft is rotated. 


2. Lock the adjusting nut, start the pump, record the ammeter reading 
with the pump running at or near shutoff or at the minimum flow 
allowed by the system. 


3. Check to be sure that the ammeter reading is less than the amps on 
the motor nameplate. 


4. Lower the rotor '/12 turn, lock the adjusting nut, start the pump, 
record the ammeter reading with the pump running at or near shut- 
off or at the minimum flow allowed by the system. 


5. Repeat Step 4 until the ammeter reading increases sharply because 
the impellers are rubbing on the bowls. 


6. Raise the rotor '/12 turn to its final position and lock the adjusting 
nut. 


Hollow Shaft Driver Reverse Protection Clutch 


If the driver is accidentally run with reverse rotation, the deepwell 
pump shaft couplings may unscrew and cause damage. Figure 2-9 shows 
a reverse protection clutch which automatically disengages the pump 
shaft from the driver if this occurs. In some shallow settings, particularly 
with closed impellers, the pump may develop a momentary upthrust dur- 
ing start-up. In these installations, it is necessary to install hold-down 
bolts in the clutch and to check that the driver thrust bearing is locked 
against upthrust. 


Hollow Shaft Driver Nonreverse Ratchet 


If the foot valve or check valve fails in a deepwell pump installation, 
when the driver is de-energized the water will run back down the dis- 
charge column, and the pump will act as an unloaded turbine and achieve 
a reverse rotation that can reach rather high speed. The torque does not 
reverse, so the threaded couplings do not unscrew as a result. Although 
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ENGAGED 





Figure 2-9. Reverse protection clutch. (Courtesy U.S. Electrical Motors Division, Emerson 
Electric Company.) 
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the reverse speed may be higher than normal pump rpm, it seldom causes 
damage unless water-lubricated column bearings are run dry, or an at- 
tempt is made to restart the driver while the pump is running backward. 
Hollow shaft drivers are often provided with nonreverse ratchets so that 
reverse rotation does not occur. Alternatively, some systems have time- 
delay relays to prevent premature restart. For deepwell pumps with set- 
tings of 500 ft or more, the long shaft may act as a torsional spring caus- 
ing the nonreverse ratchet to be subject to torque reversals. This problem is 
controlled by providing a ratchet which is designed so that the movement 
caused by torque reversal is only 3 to 5°. 


Driver Alignment 


Practically all vertical pumps now used in process plants within the 
United States utilize the driver thrust bearing to carry the combined 
thrust load of the driver and pump. The driver also provides radial align- 
ment for the upper portion of the pump shaft. Reliability of the driver 
bearings is a prerequisite to the reliability of the pump. Accurate radial 
and angular alignment between the driver and the pump is therefore es- 
sential. Driver shaft runout and concentricity with the mounting fit must 
be checked prior to assembly or reassembly of the driver on the pump. 
Referring to Figure 2-10, the following steps are recommended: 


1. Thoroughly clean the driver shaft and mounting face. 
2. Attach a dial indicator to the shaft and rotate on the driver rabbet fit 
and mounting face. 


a. The concentricity of the rabbet fit must be within .002 in. total 
indicator reading (T.I.R.) per ft of rabbet fit diameter. 

b. The mounting face must be perpendicular to the shaft within 
.002 in. T.I.R. per ft of rabbet fit diameter. 


3. Mount the dial indicator on the driver housing to check the shaft 
runout and end float. 


a. The shaft runout must not exceed .002 in. T.I.R. or .001 in. 
T.I.R. per in. of shaft diameter, whichever is greater. 

b. The squareness of the split ring groove to the shaft centerline 
must be within .002 in. T.I.R. 

c. Shaft end float must not exceed .010 in. T.I.R., and .005 in. 
T.I.R. is preferred if the pump has a mechanical seal. 


These requirements are more stringent than NEMA standards but are 
essential for solid shaft drivers, particularly for pumps operating at 3600 
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Figure 2-10. Checking solid shaft driver run-outs and concentricities. 

























rpm or pumps with mechanical seals. NEMA tolerances for concentrici- 
ties and runouts, however, are quite adequate for deepwell turbine pumps 
utilizing hollow shaft motors or gears and operating at 1,800 rpm or less. 
less. 

Some pump manufacturers do not use the driver rabbet fit for align- 
ment but rather align the driver shaft to the pump stuffing box, tighten 
the driver mounting bolts and dowel the driver to the pump. This proce- 
dure eliminates the need for concentricity between the driver shaft and 
rabbet fit. It can also be utilized as a compensating procedure if an other- 
wise acceptable driver has a rabbet fit which is not concentric with the 
shaft. 


1. The driver rabbet fit or the driver mounting flange of the pump is 
machined to allow clearance for radial movement of the driver. 

2. If the driver is too large to be moved radially with a soft hammer, 
four jacking bolts should be installed. 

3. The driver is then mounted, but the mounting bolts are left loose 
and the driver is aligned radially using a dial indicator mounted on 
the shaft and sweeping the stuffing box bore. This alignment should 
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be within .0005 in. per in. of stuffing box bore for pumps with me- 
chanical seals and .001 in. per in. of stuffing box bore for packed 
pumps. If the coupling has an adjusting plate such as the four-piece 
coupling shown in Figure 2-11, it can be unscrewed until it engages 
the driver half coupling or spacer to verify alignment between the 
pump shaft and the driver shaft. 

. The driver bolts are then tightened and two dowels installed. 

. After the coupling is completely assembled, check the runout of the 
pump shaft or shaft sleeve, measured by a dial indicator immedi- 
ately above the stuffing box or mechanical seal. Paragraph 2.8.2.7 
of Reference 1 requires that this runout not exceed .002 in. T.I.R. 
for new pumps operating above 1400 rpm, or .004 in. T.I.R. for 
new pumps operating below 1,400 rpm. 


nb 


Maintenance and Repair of Driver Bearings 


Except for drivers with grease lubricated ball bearings, dry sump oil 
mist lubrication for driver antifriction bearings is recommended. Con- 
current elimination of cooling water is generally feasible. If a self-con- 
tained lube oil reservoir is required, lube oil purification is recom- 
mended. These topics are detailed in Chapter 7 of Volume | of this series. 
The precautions required for proper assembly and removal of ball bear- 
ings are also covered in Chapter 7 of that volume. 


Maintenance and Repalr of Submersible Motors 


Submersible pumping units are generally not pulled from the well until 
the pump performance has deteriorated by about 5 percent head loss, or 
the motor has burned out, or “megging” of the motor windings shows a 
low resistance to ground. Repair of a damaged motor should only be 
done by the manufacturer or by an authorized repair shop. Some manu- 
facturers stock rebuilt motors for immediate shipment so that outage time 
is minimized. Instructions for the preparation of used motors for ship- 
ment must be followed with great care so that further damage is avoided. 
Detailed information on the maintenance of a particular type of submers- 
ible pumping unit is contained in Reference 2. 


Maintenance and Repair of Driver to Pump Couplings 


Two piece or three piece couplings are used to connect solid shaft driv- 
ers t0 pumps with packed stuffing boxes and closed impellers. Three- 
piece couplings have threaded adjusting plates for adjusting axial impel- 
ler clearances in vertical pumps with semi-open impellers. Four piece 
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Figure 2-11. Four-piece coupling. 


couplings as shown in Figure 2-11 are adjustable axially and have spacers 
so that mechanical seals may be removed without removing the drivers. 

Maintenance of radial and angular alignment of all rigid couplings is 
extremely important. They do not normally wear but are subject to cor- 
rosion and handling damage. Except for very large couplings it is gener- 
ally most economical to replace a coupling if there is time to obtain a new 
coupling from the pump manufacturer. Components of the two, three and 
four-piece couplings can be repaired to restore original concentricities 
and the squareness of flange faces. 


1. Rabbet fits may be built up by metalizing or by careful peening with 
a ball peen hammer to provide stock for machining. Welding dis- 
torts the part and should be avoided. 


2. Coupling hubs and spacers should be mounted on a mandrel to as- 
sure that the coupling is running absolutely true. Skim cuts are used 
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to restore the flatness and squareness of flange faces and the con- 
centricities of rabbet fits. Only skim cuts should be used and con- 
centricities and tolerances must be maintained. 


3. Coupling bores may be restored by chrome plating followed by an 
internal grinding operation. However, this is generally an expen- 
sive procedure. 


4. Both the driver half coupling and the pump half coupling should be 
installed with snug sliding fits. 


5. Large couplings or couplings operating at 3,600 RPM and above 
should be placed on a mandrel and dynamically balanced, using 
procedures similar to those used for the dynamic balancing of im- 
pellers. 


Maintenance and Repair of Pump Shaft Couplings 


Both threaded and keyed shaft couplings are found in circulating, deep- 
well, and submersible pumps. Shaft couplings are relatively inexpensive. 
They should be stocked, and replaced if corrosion or damage makes them 
unserviceable. 


Auxillary Piping Requirements 


Special attention to auxiliary piping requirements can reduce mainte- 
nance and repair costs, especially those related to barrels, seals, and 
packing. This is particularly true if the pumped liquid is very hot, very 
cold, volatile, or when the pump suction is under a vacuum or very high 
pressure. Reference 3 covers auxiliary piping requirements for these 
cases. 


Maintenance and Repair of Packed Stuffing Boxes 


Almost all process pumps are equipped with mechanical seals. Packed 
stuffing boxes are generally found only in deepwell pumps and circulat- 
ing pumps handling cold clean water or with a cold clean water injection 
below the packing. 


1. Soft braided fabric packing impregnated with lubricant is satisfac- 
tory for low pressure applications. Lubricated synthetic packing is 
advisable for higher pressures. 


2. Preformed packing rings promote a quicker and better packing job. 
However, if the replacement packing is in a continuous coil it must 
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be cut into rings before installing. Tightly wrap one end of the 
packing around the shaft or a mandrel which is the same diameter as 
the shaft. Wrap one coil and mark it with a sharp knife. Leave a gap 
of 1/16 to /s in. and mark the ends parallel. After cutting on the 
marks, a length of packing may be used as a template for cutting all 
the other rings. 


3. Remove all old packing, using flexible packing hooks. Be sure to 
remove the old packing below the lantern ring. 


4. Check the shaft or sleeve for nicks and scratches, remove any that 
are present, and then clean carefully. Clean the bore of the stuffing 
box. Check the lantern ring to make sure that the channels and holes 
are not plugged. 


5. Coat at least the outside diameter of each packing ring with grease 
or oil. 


6. Place the first ring around the shaft and press it evenly to the bottom 
of the stuffing box. Seat it firmly against the face of the throat bush- 
ing. Rotate the shaft by hand until it turns freely. This helps provide 
initial running clearance. Install succeeding rings in the same man- 
ner, with each joint 90° clockwise from the preceding one. Each 
ring must be seated firmly as it is installed to avoid overloading the 
rings next to the gland which do most of the sealing. Whenever pos- 
sible, use split bushings as shown in Figure 2-12 to seat each ring 
separately. They prevent cocking and compress each ring evenly in 
the stuffing box. Wood, babbitt or brass bushings may be used. 
When all packing rings are installed, the shaft should turn freely 
without binding. 





Figure 2-12. Use split bushings to seat each ring of packing separately. 
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7. Install the packing gland and draw the gland nuts hand tight. Do not 
compress the packing. 


8. When a pump is first operated with new packing, it should be loose 
enough to allow a small stream of liquid to flow from the gland. 
There should be no leakage around the OD of the packing. Do not 
operate the pump with packing too tightly compressed, and do not 
make final adjustment until the pump has been operated for several 
hours. Then tighten the gland nuts alternately, very slowly and 
evenly, until the leakage rate is reduced to a steady drip. Gland nuts 
should be tightened '/e turn (one flat) at a time and the packing leak- 
age observed for 10 minutes before tightening another '/e turn. 


9. Check the gland temperature and loosen the gland nuts to increase 
the leakage rate if overheating of the packing is observed. The 
gland adjustment should be checked periodically and readjusted as 
needed. 

Note: Refer also to the packing instructions in Chapter 8 of Volume 2. 


Maintenance and Repair of Pump Bearings 


Table 2-1 shows nominal diametral clearances for vertical pump bear- 
ings. Bearings should always be made from nongalling materials or the 
surfaces should be nitrided or overlayed with Stellite or Colmonoy so 
that they are nongalling. 


Bowl bearings are product lubricated and normally have sufficient dif- 
ferential pressure across them to provide ample flow for lubrication and 


Table 2-1 
Nominal Diametral Clearances for Vertical Pump Bearings 
Diametral 
Standard Bearing 

Shaft Size Clearance 
Yq .006 
1 .006 
13/16 -008 
he -008 
I/h6 -009 
1/16 .009 
US/16 .010 
2/16 O11 
27/16 and larger 012 


(Dimensions are in Inches) 
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cooling. The load-carrying ability of bowl bearings is enhanced by the 
Lomakin effect which is a function of the magnitude of the differential 
pressure across the bearing and is explained in detail in Reference 4. Un- 
less the product being pumped contains foreign material, these bearings 
are best designed without spiral or axial grooves. Grooves interfere both 
with the Lomakin effect and with the hydrodynamic load carrying ability 
of the bearings. 


Product Lubricated Column Bearings should have spiral or axial 
grooves to provide proper cooling because they generally are not subject 
to differential pressure. 

Grease Lubricated Column Bearings should have axial grooves. 

Oil Lubricated Column Bearings should have spiral grooves to provide 
a downward pumping action. 

Prelubrication of Column Bearings that are installed above the water 
level in a deepwell or circulating pump is necessary. It can be achieved 
by oil or grease lube, by fresh water injection from a source other than 
the pump discharge, or by prelube piping around the check valve in the 
discharge piping of a deepwell pump. 

The bottom case or suction bell bearings in deepwell turbine pumps 
and circulating water pumps are usually lubricated by a heavy non- 
watersoluble grease which when installed in a properly designed bearing 
housing with a large grease reservoir will last until the pump needs to be 
dismantled for other reasons (Figure 2-13). These bearings should be in- 
spected and repacked during routine maintenance. The bearing grooves 
and grease reservoir should be filled completely and the grease plug rein- 
stalled so that the bearing is dead-ended and the grease will not wash out. 

Tension nut bearings should have oil or grease lubrication or injection 
of pumped product that has been passed through a filter or a cyclone sep- 
arator. Cyclone separators are inexpensive and reliable, provided that no 
large solid particles are in the product, there is a large density difference 
between the liquid and the solids, and the orifice does not erode out. 


Avoidance of Wear Rings 


Semi-open impeller designs should be utilized whenever possible so 
that wear rings are avoided. If wear ring repair costs are excessive, com- 
plete bowl assemblies of closed-impeller construction may be replaced 
by semi-open impeller bowl assemblies after design review by the pump 
manufacturer. This review should include determination that the driver 
thrust bearing is adequate and that the coupling can be replaced with one 
that is axially adjustable. The initial efficiency of semi-open impeller 
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Figure 2-13. Greasing a suction bell bearing. (Courtesy Byron Jackson Pump Division, 
Borg-Warner Industrial Products, Inc.) 


units can be up to two points higher because of reduced disk friction and 
more accurate and better finished water passages. The high efficiency 
can be sustained by periodic axial adjustment of the rotor without dis- 
mantling the pump. Closed impellers are necessary, however, when 
pumping hot liquids, because of the axial thermal expansion of the pump, 
and generally when the pumps are more than 100 ft in length. 


Maintenance and Repair of Wear Rings 


Although most users specify wear rings on newly installed pumps, this 
is not economically justified as long as the pumps are designed for future 
installation of wear rings. When they can be utilized, deepwell turbine 
pump components are economical and readily available both as complete 
bowl assemblies and as spare parts. Leading manufacturers will furnish 
machining dimensions, in a format such as Figure 2-14. When these 
pumps require service the impeller wear surfaces can be turned to a pre- 
determined diameter and the bowls machined to receive wear rings of 
matching dimensions. Original clearance is restored by installing only 
one wear ring per stage. These machining and assembly operations are 
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Figure 2-14. Wear ring repair dimensions. 
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no more costly than the removal of case and impeller wear rings and the 
installation of new ones. Significant savings can be achieved by reduc- 
tion of spare parts inventories. 

As is the case with bowl bearings, the wear rings have differential 
pressure across them and will act to some degree as bearings provided 
that they are not grooved. Grooved wear rings should only be used in 
installations where the product contains abrasive material. We acknowl- 
edge, however, that some users report acceptable results from the use of 
grooved wear rings in nonabrasive services as well. 


Replacement Impellers 


Comparison testing has shown that replacement impellers which are 
not furnished by the pump manufacturer can be very expensive in the 
long run. In addition to potential shortening of pump life between re- 
pairs, inadequate NPSH performance, improper curve shape and invali- 
dation of pump warranties, the cost of additional power can be signifi- 
cant. In one well documented case (Reference 5) the power requirement 
increased from 134.7 horsepower to 139.8 horsepower resulting in an 
estimated additional electric power cost of $3,000 per year. Although the 
cost of purchasing the replacement impeller from the pump manufacturer 
may be greater, economic analysis will show that purchasing the impeller 
from another source is false economy. Some pump users have purchased 
impellers from others because delivery time from the pump manufacturer 
was too long. The problem of delivery time can be avoided by anticipa- 
tion of the requirement and timely placement of the order, or by handling 
of the order on a rush basis by the manufacturer. 


Impeller Dynamic Balance 


The dynamic balance must be restored prior to reinstallation if any 
work has been done on an impeller or if it shows appreciable wear. Im- 
pellers which are out of balance can cause vibration and rapid wear of 
bearings and wear rings. 

Vertical pump impellers normally are balanced individually to quality 
grade G-6.3 as indicated on the nomograms Figure 2-15 for impellers 
which weigh 50 kilograms (110 pounds) or less and Figure 2-16 for im- 
pellers which weigh more than 50 kilograms. By alignment of the pump 
operating speed in rpm with the impeller weight in kilograms, the toler- 
ance or allowable unbalance in gram-millimeters is given by the center 
scale on each nomogram. The weight in kilograms equals 0.454 times 
weight in lbs, i.e., a 100 lb impeller weighs 45.4 kilograms. To convert 
the allowance in gram-millimeters to inch-ounces, multiply the value in 
gram-millimeters by .00139 to get the value in inch-ounces, i.e., an al- 
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Based on ISO 1940 
MAX. SERVICE SPEED 


OF ROTOR IN: min-* 
200000 


QUALITY GRADE G-6.3 
RECOMMENDED TOLERANCE. 
IN: g-mi 


Note 1: For disc- 
ehaped rotors, use full 
recommended value 
for one plane. For rigid 
rotors, 


in 
planes, use one-hall 


value for each plane. 


Yg-mm = 1,3889 x 10°? oz.-in 


109 


Figure 2-15. Balance tolerance diagram for rotor mass up to 50 kilograms. 


lowance of 100 gram-millimeters equals an allowance of .139 inch- 


ounces. 


WN = 


0.03 


grinder (Figures 2-17 and 2-18). 


4. Metal should not be removed from the outer '/2 in. of the shroud, 
and no more than 1/3 of the shroud thickness should be removed. 


Example: 20 kg rotor 
with service speed of 
5000 min-* In quality 
grade G-8.3 has 240 
qn tol . (OF 
20 g-mm in each of 
two correction planes) 





. The impeller is mounted on a mandrel for balancing. 

. If it has a keyway, a key or half key must be installed. 

. Correction of unbalance is achieved by removal of metal from the 
impeller shrouds, generally by grinding with a handheld portable 
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Based on ISO 1940 QUALITY GRADE G-8.3 
MAX. SERVICE SPEED RECOMMENDED TOLERANCE 
OF ROTOR IN: min-' IN: g-mm 

100000 3x10 


10? 


Example: 10000 kg ro 2 
22102 tor with with service aa 


juali rade G83 
fas > ioe -mm i 
( x1 
g-mm in Sach of 200 
correction vinnoah 


Note 4: For disc- 
shaped rotors, use full 
recommended value 

for one plane. For ri aid 
rotors with 2 co 

planes, usa onehalt 


th man 
value for ¢ each plane. 


19mm = 1,3880 x 10-? oz.in 


100 





Figure 2-16. Balance tolerance nomogram for rotor mass above 50 kilograms. 


Mounting of Impellers on the Shaft 


The use of collets is a common and satisfactory method for mounting 
impellers on the shafts of small vertical turbine-type pumps, generally 
limited to pumps with bowl outside diameters less than 18 in. and shaft 
diameters less than 23/16 in. The collets are split along one side, have an 
inside diameter equal to the diameter of the shaft and are tapered on the 
outside to fit the tapered bore of the impeller. When clean, free from 
nicks and scratches and properly driven into the impeller bores, collets 
will lock the impellers in place axially and radially, and will transmit the 
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Figure 2-17. Impeller on dynamic balancing machine. (Courtesy Byron Jackson Pump Divi- 
sion, Borg-Warner industrial Products, Inc.) 





Figure 2-18. Correcting unbalance by removal of metal from the impeller shroud. (Courtesy 
Byron Jackson Pump Division, Borg-Warner Industrial Products, Inc.) 
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Figure 2-19. Dimensions for shaft locating plug. 
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Figure 2-20. Shaft position for collet installation. 


torque from the shaft to the impellers. They are quite satisfactory for 
small process pumps, but should not be used for temperatures above 
160°F. 

To drive the collets into the impeller bores properly, the shaft should be 
positioned firmly in the bottom case with a shaft locating plug and 
capscrew. 


1. Figure 2-19 shows typical dimensions for the shaft locating plug. 

2. Figure 2-20 shows the assembly of the shaft locating plug into the 
bottom case. The shaft is held in place by a 21/4 in. long capscrew 
installed in the tapped hole at the bottom of the shaft. Prior to as- 
sembly all parts including the collet driver must be inspected to be 
sure that they are clean and free from nicks, burrs or scratches. 
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Figure 2-21. Using a screwdriver to keep the collet from binding on the shaft. (Courtesy 
Byron Jackson Pump Division, Borg-Warner Industrial Products, Inc.) 


NN 


. The impeller is positioned against the bottom case. The collet is 


then inserted in the impeller bore. Collets usually close in on the 
bore and tend to grab the shaft, so a screwdriver is inserted to open 
the collet and allow it to slide along the shaft, as shown in Figure 
2-21. Next, the collet driver is slipped over the shaft with the large 
diameter end facing the collet. 


. The collet is then driven firmly into the impeller bore utilizing the 


impact of the collet driver. Hold the impeller tightly against the case 
by hand while driving the collet. Let go of the collet driver before 
impact and allow its momentum to drive the collet (Figure 2-22). 


. Check the impeller to be sure that it is tight on the shaft. 
. The collet driver impact can loosen the 21/4 in. long capscrew. Re- 


tighten it after each impeller is mounted. 


. Additional series cases and impellers are installed until the bow! as- 


sembly is complete. As an added precaution the capscrew can be 
released and the shaft rotated after each stage is assembled to be 
sure that there is no binding. 


. The 21/4 in. long capscrew and the locating plug must be removed 


when the bowl assembly is complete. 


Never use heat or a pin, dowel or setscrew to install or reposition a 
collet-mounted impeller. 

An alternate method of securing the impeller to the shaft uses a key to 
transmit the torque and an axial locking device, such as a snap ring or 
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split ring, to locate the impeller axially and transmit axial thrust from the 
impeller to the shaft. Split rings are superior. If snap rings are used, they 
should be confined so that impeller thrust does not make them tend to pop 
out of the snap ring groove. The fit between the impeller and the shaft 
should be a snug sliding fit. 

For multi-stage pumps with semi-open impellers, correct sizing of split 
rings is essential to ensure maximum pump efficiency and trouble-free 
operation. Original split rings are individually sized at the factory during 
pump assembly to precisely locate the impellers. Used split rings, when 
reused, must be installed only with the same impellers, and in their origi- 
nal location and orientation. Always use new split rings whenever the 
pump shaft, cases or impellers are replaced. Machine new split rings to 
size, or verify the correct sizing of used split rings, as follows: 


1. T-section split rings with thrust collars are shown in Figure 2-23. 


2. When feasible, assemble the pump bowl assembly in a vertical po- 
sition to assure the most accurate split ring sizing. During horizon- 





Figure 2-22. Collet driver in position to drive a collet. (Courtesy Byron Jackson Pump Divi- 
sion, Borg-Warner Industrial Products, Inc.) 
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Figure 2-23. Impeller mounted with key and T-section split ring with thrust collar. 


tal assembly, be sure to support pump shaft and cases adequately 
to prevent any sagging, which could lead to alignment errors. 


3. With first-stage of pump assembled, install a locating plug and 
capscrew as shown in Figure 2-20 through the hole in the bottom 
of the suction bell or bottom case and into the pump shaft. Tighten 
the capscrew to locate the rotating element during assembly of the 
second stage. If the first-stage impeller is closed and the series im- 
pellers are semi-open, place a spacer, such as a piece of key stock, 
between the first-stage impeller and the impeller case or suction 
bell. This will raise the impeller the distance recommended by the 
manufacturer, generally 1/4 in. Then tighten the capscrew. (Be sure 
to remove these parts after the pump bowl assembly is completed.) 


4. Slip the second-stage impeller down the pump shaft until it bot- 
toms against the first stage case. 


5. Accurately measure distance “B” from the face of the impeller 
hub to the nearest edge of the split ring groove, as shown in Figure 
2-24a. This can be done by putting key stock in the groove and 
measuring the gap with a feeler gauge. 


6. Machine one side of split ring, as shown in Figure 2-24b, to 
“B” + .002 in. This side will install toward the impeller. Mark the 
OD of the split ring in two places 180° apart so that both halves 
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will be marked after the ring is cut in half. This is to assure correct 
orientation at assembly. 


7. Next, turn the split ring around and place it against the thrust col- 
lar with (backwards orientation), as shown in Figure 2-24c. Ma- 
chine so that the protrusion of the split ring beyond the thrust col- 
lar is .002 to .004 in. 


8. After machining to size, saw-cut the new split ring in half, with a 
saw-cut width of approximately 1/32 in., and deburr. 


KEY STOCK | *"B" 


IMPELLER 






SPLIT RING 
GROOVE 


PUMP SHAFT 





a.MEASURE DISTANCE “B" 
MACHINE THIS FACE 


TOWARD IMPELLER 


B+.002”" 


b.MACHINE LOWER FACE OF SPLIT RING 


MACHINE THIS FACE 






SPLIT RING 


CORIENTED 
BACKWARDS) 


¢. MACHINE UPPER FACE OF SPLIT RING 


Figure 2-24, Sizing of T-section split ring. 
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9. Repeat Steps 4 through 8 to size the split rings for each succeeding 
stage. 


10. When the pump bowl assembly has been completed, remove the 
capscrew and locating plug, and the spacer for the first-stage im- 
peller, if used. Note: Some pump designs utilize shims to position 
the impellers so that remachining of the split rings is not neces- 
sary. Figures 2-25 through 2-27 show further details. 


Maintenance and Repair of Shafts 


Most vertical multistage pumps have wearing surfaces on the shaft un- 
der the bowl bearings, bottom bearings, column bearings, tension nut 
bearings and packing. If the impellers are collet mounted there is very 
little machining labor in the shaft, and worn shafts generally are replaced 
rather than repaired. Unless provided with shaft sleeves, worn line shafts 
are turned end for end to provide new journals when line shaft bearings 
are replaced. Large shafts or shafts with extensive machining can be built 
up using hard chrome plating or metalizing. A grinding operation then 
assures that the shaft is round, smooth and within tolerance prior to rein- 
stallation. 





Figure 2-25. Removing a series case to expose the top of an impeller. (Courtesy Byron 
Jackson Pump Division, Borg-Warner Industrial Products, Inc.) 
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Figure 2-26. Removing the thrust collar. (Courtesy Byron Jackson Pump Division, Borg- 
Warner Industrial Products, Inc.) 


A 





Figure 2-27. Removing the split ring. (Courtesy Byron Jackson Pump Division, Borg- 
Warner Industrial Products, Inc.) 
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Figure 2-28. Checking shaft straightness. (Courtesy Byron Jackson Pump Division, Borg- 
Warner Industrial Products, Inc.) 





Figure 2-29. Straightening a shaft. (Courtesy Byron Jackson Pump Division, Borg-Warner 
Industrial Products, Inc.) 
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ee” 


Figure 2-30. Minor cavitation damage in an impeller eye. (Courtesy Byron Jackson Pump 
Division, Borg-Warner Industrial Products, Inc.) 


All shafts must be checked and straightened if necessary prior to rein- 
stallation. Straightening is performed at ambient temperature using a hy- 
draulic press or arbor press. The supports used to hold the shafting dur- 
ing the straightening operation are generally “V” blocks with brass or 
copper inserts, but some small shafts are straightened on the rollers used 
to measure runout. 


Straightening Sequence 


1. Rotate the shaft on rollers located near each end of the shaft and 
check the runout total indicator reading (T.I.R.) at several points 
along the shaft using a dial indicator. See Figure 2-28. 

2. Move the shaft onto the “V” blocks and straighten by applying 
force with a hydraulic press or arbor press. See Figure 2-29. 

3. Check T.I.R. Maximum acceptable T.I.R. is .0005 in. per ft of 
shaft length, but not more than .001 in. within any one ft of length. 

4. If T.I.R. is acceptable, except for deepwell pump shafts, thermal 
treat in a furnace to relieve peak residual stresses in accordance 
with Table 2-2. Thermal treatment must be performed vertically 
with the shaft hanging so that gravity tends to keep it straight. 

5. Check T.I.R. after thermal treatment. If T.I.R. is unacceptable re- 
peat Steps 1 through 4 until T.I.R. is acceptable. 
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Table 2-2 
Thermal Treatment of Shafting After Straightening 
Thermal 
Material Treatment 
Type Temperature Time 
A 479 Type 410 1100 + 25°F. 
Class 2 
A 276 Type 410 1050 + 25°F. 
Condition H 
A 434 Class BC 850 +25°F. Hold for 1 hour 
(4140) per inch of 
A 582 Type 416 1100+25°F. diameter or 2 hours 
K 500 Monel 725425°F, mannm. 
A 479/182 Type XM 19 725 +25°R, 
A 276 Type 304/316 725 + 25°F. 
A 564 Type 630 1100+ 25°F. 
17-4 (H1150) 


Turned ground and straightened vertical pump line shaft material is 
readily available. However, this shafting may not be straight when re- 
ceived due to handling and shipment and should be checked when re- 
ceived. The standard material is Type 416 stainless steel, which contains 
approximately 12 percent chromium, has good strength and adequate 
corrosion resistance for most applications. 


Upgrading of Materials 


A generally accepted guide for selection of materials used in centrifu- 
gal pumps for process services is contained in API Standard 610, and 
reproduced as Tables 2-3A and 2-3B. Minor damage (see Figure 2-30) is 
to be expected. However, if excessive corrosion, erosion, wear, or break- 
age is observed in a particular pump, the materials of construction should 
be reviewed and upgraded to these standards. If unacceptable mainte- 
nance costs exist even though the guidelines have been followed, materi- 
als should be further upgraded, substituting for example 12 percent 
chrome steel for low carbon steel or 18-8 stainless steel for 12 percent 
chrome steel to solve corrosion problems. Wear rings can be overlayed 
with Stellite or Colmonoy for better wear resistance. Shafts can be up- 
graded from Type 416 stainless steel to Type 440 heat treated stainless 
steel if more strength is required but corrosion resistance is satisfactory. 
If both increased strength and corrosion resistance are needed 17-4 PH, 

(Text continued on page 96.) 
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Table 2-3A 
Materials Guidelines from API Standard 610 


= a st 
Tener case pasts (bowls, Ne Cast iron Bronee Cast iron 
Giffesers, diaphragms) 


Yer Cast iron Bronze Caan sron No-rena 


lo 
Impelter wearing rings 
j Satay | Yes Carbon tel Carbon steel Carbon vel 


Shaft sleeves, packed 
pump 












: 








Cant iron Bronre Ni-reasst 













Cast iron No-resiat 


Cast tron 





Hasd bronze 


No 148-8 18-8 18-8 18-8 
Stainless ste! Shasnless steel Suainlesg tleel Staintess steel 
or 12% chrome of 12 chrome or 12% chrome or 12% chrome 


Cast iron Bronze Cast iron Ni-resist 





‘Cast iron Ni-resist 


Castoron Bronze Castiron No-resist 










Lamter ring (if packed No Cant iron Cant iron oF Cast iron Cast iron 
pump) bronze 
Carbon steel Carbon eel Carbon steel Carbon steel 
(Note 6) {Note 6) 
















Carbon steel 





AISI 4140 sicel AIS] 4140 steel 
—e | mse | 


Axbestos 
composition 












Carbon steel Carbon sicel 






Asbalos 
composition 


Asbestos Asbestos 
composition composition 












* The abbreviation sbove the diagonal line indicates care material: the abbreviation below the diagonal line 
indicates rim material. Abbreviations are as follows: Cl = cavt iron, BRZ = bronze, STL = steel, 12% CHR 


= 12% chrome, SS 





sininiess Heel, 


(Continued on next page) 
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Table 2-3A. Continued. 






























































































































= The abbreviation abuve the diagunal line indicstes Cave niatertal. ihe andre vation below the diagonal linc 
indicates (am materral Abbresrations are ay tullaws CL = vast iron, BRZ = bronze, STL - steel. 124 CHR 
= 12% chrome. SS - siamless tee! 





























Material Class and Material Class Abbreviations" 
Pressure caning Yo Carbon steel Carbon steel Carbon vicel Carbon steel 
J —— 
Inner case parts (bowls, No Cast iron Carban stect 12% Chrome Mone! 
dof fusess, daphtagm) 
oe J 
Impeller Ye Carbon steel Carbon vteet 12% Chrome Monel 
+ +} 
Cave wearing rings No Cant iron 12% Chrome. 12% Chrome, Mone! 
hardened hardened 
+ fn 
Impeller wearing angs No Cast icon 12% Chrome. 124 Chrome, Morel 
hardened hardened 
— { 
Shaft (Note 5) Yes Carbon veel AISI 4140 steel AISI $140 xtect K Mone! 
(Note 4) 
| 
Shaft sleeves. packed No Tungsten Tungsten Tungsten K-Monel. 
pumps carnde- 3 over carte} over carbide.) over hardened 
12% chrome 124 chrome 12% chrome 
be —+ 4 
Shafi sleeves. mechantcai Na 1H laa 14a K-Monel, 
seals Stanlew veel Stainless steel Stainless veel hardened 
or 12 chrome or 12% chrome oe 12% chrome 
[oe + 
Throat bushings No Cant iron (2% Chrome 12% Chrome Monel 
+ 
Interntage stceves No Cast iron 12% Chrome, 12% Chrame, XK Monel, 
hardened hardened hardened 
+ { — {_ —+ 
Interstage bushings No Castiron 124 Chrome. 124 Chrome, K-Manel, 
hardened hardened hardened 
t = 
Lanter ning (if packed No Cast iron Castiron Cast ron Monel 
mph 
pump | 4 —} 
Gland with packing or Yer Carbon stee] Carbon utcel Carbon steel Carbon sicel 
plate retaining (Nowe 6) (Note 6) (Note 6) (Note 6) 
mechanical seat 
Gland studs oF balty AIS] 4140 «eel AISI 4140 steel AISI 4140 steel K-Monel., 
hardened 
Cane studs and bearing AISI 4130 vier! AIS] 4140 steel AISI 4140 steel K-Monel. 
housing hardened 
Cave garket 18-8 Staraless 18-8 Stones 14-8 Stamnes Teflon (Note 7) 
weel, jacketed steel, jacketed steel, jacketed 
aadestos, asbestos asbestos 
(Note 3) (Note 3) (Note 3) 
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Table 2-3A. Continued. 



































































































































































] 2 
C4 
12% CHR IH SS 
ASTM 
fal Material’ 
19-4 SS 316 SS 
12% CHR 12% CHR (Notes 2 & 5) (Note 2) 
Pressure caning Yow 12% Chrome S% Chrome 18-4 416 
Stainless stee! | Stainless steel 
b 
Innet case parts (bowls, Na 124 Chrome 12% Chrome 12.8 36 
dat fusers. diaphragms) Stainless ste) Stainless sicel 
Tr 
Impeller Yer 12% Chrome 12% Chrome 18.8 Ne 
Stainless weet Stainless steel 
+ + 
Cane wearing nnys No 12% Chrome 124 Chrome. Hard-faced Hard-faced 
hardened hardened 18-4 stainless. 316 stainless 
steel (Note 1) | ste! (Note 1) 
Impetter weaning rims No 12% Chrome. 24 Chrome, Hard- faced Hard-faced 
hardened hardened 18-8 stainiesy 316 stuniess 
Meet (Note 1) steel (Note 1) 
+ 
Shaft (Note $) Ye | 12% Chrome 129 Chrome 18-8 36 
Staintess steel Starnless steel 
+ = 
Shall sleeres. packed No Tungsten Tungsten Hard-taced Hard: faced 
pumps catbide Saver carbide. J over 19-8 stainless 316 starntess 
125 chrome 12% chrome sleet (Nate |) steet (Note 1) 
-/—_——--— + 
Shaft sleeves. mechanical Na 18-8 1k-8 18-8 M6 
veals Starters veel Stainless vteet Staintess steel Stanless steel 
wt 12% chrame or 12 chrome 
pedi 
Throat bushings Na 126 Chrome 12% Chrome 166 ae 
| Staintew see! Staindess steel 
Intertage sleeves Ne 12% Cheame, 12% Chrome. Mard-taced Hard- faced 
hardened hardened 1a-4 vtarnless 316 stainless 
| alec} (Note 1) weed (Note 1) 
+4 i } 
Interstagé bushings No 12% Chrune. 12% Chrome, Hard-faced M6 
| hardened hardened 14-8 stainless Stainless sicel 
| j steel (Note 1D 
1 f% tT X 
Lantern ning 61 packed No 12% Chrome 12% Chrome 18H M6 
pump) Stannless steel Stainless vie! 
Gland with packing af Yes 12% Chrome 12 Chrome 14-4 Stuintess 116 Stainless 
plate retaining (Note 6) (Note 6) steel, carbon stect, carbon 
mechanical real ar (Note 6) of (Note 6) 
Gland studs of bale Ye. AISI 4140 steel AISI 4140 steel law M6 
Stainless vec! Stainless sie) 
+ 
Case study and bearing Yes AISI 4140 viecl AISI 4140 cel AISI 4140 vice! AISI $140 steel 
housing 
Case garket So 14-4 Saarntess 14-8 Staintess ta 1a-# Starntess M6 Stainless 
vteel, jacketed veel. jacketed Merl, jacketed Meel, jacketed 
ardestor asbestos asbeston asbestos 
«Nate 3) (Note) (Note 3) 


(Note Mh 





zi 





* The abbresiduin shite the diagonal Ime indicates Gog mated. the sbbres tation below the drsgunal hie 
indicates frre material Abbresralisins are ay tolls CL = cast iran, BRA 


# 12% chrome, $§ = stainlens steed 





bronze. STIL 


steel, 12% CHR 















Table 2-3B 


Material Specifications from API Standard 610 





ASTM Material Specifications for Centrifugal Pump Parts 








Pressure-Containing 
Material Castings Forgings Bar Stock Bolts and Studs 
Cast iron ASTM A 48 - ~ _ 
Carbon stee! ASTM A 216, ASTM A 105 or A 576 ASTM A 576, - 
Grade WCA or WCB Grade 1015 
AISI 4140 steel - - ASTM A 322, ASTM A 193, 
Grade 4140 Grade B7 
5% Chrome steel ASTM A 217, ASTM A 182, _ - 
Grade C5 Grade F5 
12% Chrome steel ASTM A 743, ASTM A 182, ASTM A 276, ASTM A 193, 
Grade CAI5 or CAGNM Grade F6 Type 410 or 416 Grade B6 
18-8 Stainless steel ASTM A 743, ASTM A 182 ASTM A 276 ASTM A 193 
(Note 2) Grade CF8 
316 Stainless steel ASTM A 743, ASTM A 182, ASTM A 276, ASTM A 193, 
Grade CF8M Grade F316 Type 316 Grade B8M 
Bronze ASTM B 584, - ASTM B 139 ASTM B 124, 
UNS-C 87200 Alloy 655 


General Notes 


J]. Hard-facing material (stellite, Colmonoy, tungsten 
carbide, etc.) for Classes A-7 and A-8 shall be selected by 


the vendor unless specified by the purchaser. 


2. 18Cr—8Ni includes Types 302, 303, 304, 316, 321, 
and 347. If a particular type is desired, the purchaser shall 
so specify. 

3. If pumps with horizontally split cases are furnished, an 
asbestos composition case gasket is acceptable. 

4. For Class S-6, the shaft shal! be 12-percent chrome if 
the temperature exceeds 350 F (177 C). 


dioday pup asupuazupy juatudimby ssavo1g 4ofopy SOT 





Table 2-3B. Continued. 





Miscellaneous Materials 





Material 


Typical Description 








Ni-restst 


Precipitation-hardening 
stainless steel 


Stellite 


Colmonoy 


Carbon 
Asbestos composition 


Tetrafluoroethylene (TFE) 
Tungsten carbide- | 
Tungsten carbide-2 


Tungsten carbide-3 


Fluoroelastomer 
Alloy 20 

Nitrile (Buna-N) 
FFKM elastomer 
Silicon carbide 
Graphite foil 


Type 1, 2, or 3 as recommended by International Nickel Co. for service 
conditions 


Acceptable types include ARMCO 17-7 PH and 17-4 PH. U-S. Steel 
Stainless W, Allegheny Ludlum AM 350 and AM 355 


Overlay-weld deposit of Ye inch minimum finished thickness of Haynes 
Stellite AWS, Class RCoCr-C, RCoCr-A, or equal: solid cast stellite No. 
3 or equal may be substituted for an overlayed part 


Sprayed or fused deposit of 0.010 inch or gas-weld deposit of % inch 
minimum finished thickness of Wall-Colmonoy AWS, Class RNiCr-C or 
equal 


Suitable mechanical carbon as recommended by the mechanical seal 
manufacturer for the service 


Long fiber with synthetic rubber binder suitable for 750 F. or spural- 
wound stainless steel and asbestos 


Teflon, Kel-F, or similar material 
Kennametal K-6 (cobalt binder) or equal (solid part, not overlay) 
Kennametal K-801 (nickel binder) or equal (solid part, not overlay) 


METCO 31C, WALLEX 55, or equal (sprayed overlay, minimum 
finished thickness of 0.03inch) 


DuPont Viton or equal 

ASTM A 296, CN7M,; Carpenter 20CB3; or equal 

B.F. Goodrich HYCAR or equal 

ASTM D 1418, FFKM elastomer, DuPont Kalrez. or equal 
Carborundum KT or equal 

Union Carbide Graphoil or equal 
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XM-19 or K 500 Monel shafting can be substituted (Table 2-4). XM-19 
offers a good combination of strength, corrosion resistance and cost. If 
collet-mounted impellers have proved to be unsatisfactory in a particular 
service, and a change to keyed impellers is made, it may be necessary to 
upgrade the shaft material to compensate for the stress raisers created by 
cutting keyways and split ring grooves in the shaft. For additional infor- 
mation on materials, refer also to Appendix 1A in Chapter 1 of this vol- 
ume. 


Graphalloy® Bearings 


Product lubricated bearings in clean liquids can be upgraded to a mate- 
rial such as Graphalloy. Graphalloy is a solid carbon graphite, the pores 
of which have been impregnated with molten metal in a high heat and 
high pressure process. During the impregnation process the metal perme- 
ates the graphite in long continuous metal filaments. It is these filaments 
which give Graphalloy its ductility, high strength and good heat dissipat- 
ing properties. The metal increases its strength and ductility and removes 
heat generated at the bearing surface. Graphalloy contains no oil and 
does not produce any toxic emission which may contaminate the pumped 
product. It is extremely durable in clean products. Graphalloy bearings 
operate well at temperatures from —50°F to +300°F in fresh or salt wa- 
ter, gasoline, jet fuels, solvents, bleaches, caustics, dyes, liquified gases, 
acids and most chemical process and transfer services. Babbitt grade 
GM105.3 is generally recommended for pump bearings. However, 
Graphalloy is not recommended for applications in products containing 
abrasive material. In products with abrasive material, extremely hard 
bearings such as tungsten carbide, boron carbide, or Tribaloy® can be 
utilized running on a hard journal. However, some of these materials are 
extremely brittle, and cannot be externally shrink fitted. 


Table 2-4 
Typical Mechanical Properties of 1 in. Diameter Shaft Stock 


Ultimate Yield 
Tensile Strength Charpy V Notch Hardness 


Strength (.2%) Fulbs (Rockwell) 
XM-19 150 125 90 RC 30 
Monel K-500 165 105 37 RC 30 
Type 316 85 35 110 RB 80 
pe 304 85 35 110 RB 80 


17-4PH Cond. H-1150 145 125 50 RC 33 


PRESSING MOTION MUST 
BE CONTINUOUS 






ARBOR PRESS OR 
HYDRAULIC PRESS 


STEPPED ARBOR 
OR MANDREL 


BEARING 


Figure 2-31. Pressing Graphalloy® bearing into housing using arbor press or hydraulic press. 


installing Graphalioy® Bearings 


The preferred method for installing Graphalloy bearings utilizes an ar- 
bor press or hydraulic press as shown in Figure 2-31. The bearing or the 
bore into which the bearing is installed should have a 1/32 in. mini- 
mum X 45° chamfer to facilitate entry of the bearing. A stepped mandrel 
or arbor should be used to ensure that the bearing will be positioned 
straight with the hole before installation. The small outside diameter of 
the arbor should be 1/16 in. smaller than the inside diameter of the bear- 
ing, and the large outside diameter of the arbor should be larger than the 
outside diameter of the bearing. The pressing motion must be continuous 
with no interruption until the bushing is completely in place. As an alter- 
native, the bearing may be pressed into the housing by the bolt-and-nut 
method; that is, with a plate against the upper end of the bushing as 
shown in Figure 2-32. The nut must be continuously drawn up. 


Threaded Fasteners 


Except in a passive environment such as refined petroleum products, 
studs and nuts are preferred to capscrews. The threaded fastener material 
should be resistant to any corrosion that may be present and should be 
upgraded if corrosion is observed. 

All threads should be examined before reinstallation to ensure that no 
burrs, nicks or bad threads exist. Imperfect threaded fasteners must be 
replaced or the threads “chased” with a thread die. All threads both inter- 
nal and external must be cleaned with solvent to remove all foreign mat- 
ter including rust and old thread lubricant. Apply a uniform layer of 
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THREADED BOLT 





HOUSING PLATE 


BEARING 


ROTATION OF NUT 
MUST BE CONTINUOUS 


Figure 2-32. Bolt-and-nut method of pressing Graphalloy® bearing into housing. 


thread lubricant Dag Dispersion® No. 156 or equal with a friction coeffi- 
cient of 0.15 to all surfaces that experience relative motion, including 
threads, nuts, washers, and flanges in contact with nuts or washers. If 
these procedures are used the torque values indicated in Table 2-5 may be 
applied to the materials shown in Table 2-6. 


Care of Large Threaded Joints 


Threaded line shaft couplings are common in deepwell pumps and 
small circulators. The threads on the shaft are cut with great care to as- 
sure concentricity with the centerline of the shaft. Threads must be care- 
fully inspected before assembly. Shaft ends must be wiped clean and in- 
spected to be sure that they are free from foreign matter, burrs, nicks, 
and scratches. Thread compound should be used. The two shafts each are 
threaded approximately halfway into the coupling and the ends of the two 
shafts firmly butted together. It has been suggested that a Teflon® disk 
can be installed between shaft ends to compensate for some misalign- 
ment. This is a questionable practice. Line shaft couplings are designed 
so that a substantial amount of the torque is transmitted by friction 
through the shaft ends. Lubrication of the shaft ends by Teflon® can 
cause the coupling to break. 

Pipe wrenches are normally used to assemble the line shaft. One wrench 
is applied to the shaft above the coupling and one on the coupling. Care 
must be exercised to avoid side strain on the shaft when locking the joint. 
Pipe wrenches must not be used on the shaft below the coupling as assem- 





Table 2-5 
Torque Values for Threaded Fasteners 


Torque (Ft-lbs) 


Size Category-! (1) Category-ll (2) 
3/8-16UNC 16 8 
7/N16-14UNC 27 14 
1/2-13UNC 40 20 
9/16-12UNC 60 30 
5/8-11UNC 80 40 
3/4-10UNC 130 65 
7/8-9UNC 210 105 
1-8UNC 330 115 
1-1/8-7UNC 520 260 
1-1/8-8UN 470 240 
1-1/4-7UNC 730 370 
1-1/4-8UN 670 340 
1-3/8-6UNC 970 490 
1-3/8-8UN 910 460 
1-1/2-6UNC 1170 590 
1-1/2-8UN 1070 540 
1-3/4-SUNC 2070 1040 
1-3/4-8UN 2000 1000 
2-412 UNC 3000 1500 
2-8UN 2930 1470 


Notes: (1) Based on approximately 40,000 psi prestress. 
(2) Based on approximately 20,000 psi prestress. 


Table 2-6 

Mechanical Properties of Common Threaded Fastener Materials 

Category-!: 
Common Approximate Strength (KSI) 

ASTM. No. Name Min. Yield fensile 
A-193 GR B7 4140 105 125 
A-193 GR. B6 410 85 110 
A-193 GR. B16 Cr-Mo-V 105 125 
A-193 GR. BS 501 80 100 
A-325 TP. 1 1030 81 105 
A-354 GR. BD Alloy Steel 78 90 
A-453 GR. 651 Cl. A Stainless Steel 70 100 
Category-ll: 

Common Approximate Strength (KSI) 

ASTM. No. Name Min. Yield Tensile 
A-576 GR. 1018 1018 32 58 
A-193 GR. B8 Cl. 1 304 30 75 
A-320 GR. B8 Cl. I 304 30 75 
A-479 GR. 302 302 30 75 
A-479 GR. 304 304 30 75 
A-479 GR. 316 316 30 75 
A-479 GR. 410 410 (Annealed) 40 70 
B-98 Alloy C 66100 Sil. Brz. (HO2 Temper) 38 70 
B-150 Alloy C 64200 Al. Brz. 45 85 
B-164 Alloy N 04400 Monel (Annealed) 25 70 


Note: Properties from ASTM 1982 and 1983 editions. Properties vary with fastener size 
and heat treatment. 
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bly of bearings, impellers, and collets will include sliding these parts 
down over this portion of the shaft. Strap wrenches are suitable for this 
purpose and are preferable. The use of pipe wrenches on shafting, al- 
though quite appropriate for servicing deepwell pumps, should be dis- 
couraged, because this practice easily could carry over to the servicing of 
process pumps where it is completely unacceptable. Threaded line shaft 
couplings always have left hand threads that tend to be tightened by the 
transmitted torque. 

Threaded inner column generally has left hand threads because right 
hand threads would tend to loosen from the torque applied as the result of 
a bearing failure. The threads are internal and straight, not external and 
tapered like pipe threads. This is shown in Figure 2-4. The joints are 
sealed by the metal-to-metal contact between the smooth ends of the col- 
umn. It therefore is necessary to avoid nicks, scratches, or burrs on the 
ends of the column. The threads should be coated with a thread lubricant 
or a thread sealant. Inner column may be tightened with pipe wrenches, 
strap wrenches, or chain tongs. 

Threaded outer column and bowl assemblies generally are tightened 
with chain tongs. The threads are external, right hand and straight, not 
tapered. This is also shown in Figure 2-4. These joints also are sealed by 
metal-to-metal contact between the ends of the column. Column and 
bow] threads should be coated with a thread lubricant or a thread sealant. 

Submersible pump column has tapered external pipe threads that must 
be coated with a thread sealant and tightened both to seal the joints and to 
keep them from loosening from the starting torque. The threaded bowl 
joints and the joint between the cast iron top case and the steel column 
should be cleaned with Loctite® Primer T and coated with Loctite® 277. 
The Loctite® 277 joints may require heat for disassembly. 


Care of Flanged Pressure Joints 


Flanged mating surfaces must be thoroughly cleaned prior to reassem- 
bly and sealing surfaces inspected to be sure that they are free from 
burrs, nicks, or scratches. Static seals such as O-rings, flat gaskets, and 
spiral-wound gaskets should not be reused but should be replaced after 
each dismantling of the pressure joint. Additional information on static 
seals is contained in Chapter 7 of Volume 1. After installation of the static 
seal, assemble the joint hand tight and check for uniform gap or metal-to- 
metal contact of the flange mating surfaces. Tighten bolts alternately in 
pairs 180° apart, then another pair 90° clockwise from the first pair, and 
so forth until the entire flange has been tightened. The bolt-tightening 
sequence for a 12 bolt flange is shown in Figure 2-33. Bolts should be 
tightened in three steps, 1/3 torque, 2/3 torque, and full torque. 
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Figure 2-33. Bolt tightening sequence. 


Handling 


The crane, shackles, eye bolts, cable, and other lifting devices must be 
in good repair and capable of safely handling the weights. The crane 
should be positioned so that the hook is directly over the center of gravity 
of the piece to be lifted. Do not bump, push, or scrape components or 
assemblies. Motor, turbine, or gear lifting lugs or eye bolts are designed 
for lifting these components only. Do not lift the pump together with the 
motor, turbine, or gear. Use lifting lugs when provided. Otherwise, in- 
stall eye bolts with washers and nuts in the flange bolt holes and attach 
lifting lines. Use care to avoid damage to the machined surfaces. 


Tools and Work Area 


Common millwright and pipe-fitter tools generally are sufficient to 
perform vertical pump maintenance. The work area should be clean and 
well lighted. Horizontal racks for dismantling and reassembly of vertical 
turbine type pumps are desirable to avoid handling damage, and to 
shorten turnaround time. 
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Personnel 


Maintenance personnel should be familiar with the basic principles of 
vertical pumps and know how to handle the tools required for their main- 
tenance and repair. Leading pump manufacturers have highly qualified 
service engineers who can visit periodically and assist in the training and 
updating of maintenance personnel with the latest techniques. Some man- 
ufacturers also have service training centers where maintenance person- 
nel can receive up-to-date instruction on vertical pump maintenance. 


Spare Parts 


Economical repair and maintenance procedures require adequate avail- 
ability of the necessary spare parts. Pump repair parts are classified ac- 
cording to anticipated use: 


Level 1 


Parts required for inspection of the pump during a scheduled shut- 
down. This includes gaskets, O-rings, bearings, and packing or mechani- 
cal seal. 


Level 2 


Farts replaced because of normal wear of the pump over a period of 
time. During normal operation, pump wearing clearances open up, caus- 
ing less efficient operation and higher susceptibility to failure. In addition 
to this, wear rings and shaft sleeves are required. 


Level 3 


Parts required for overhaul in the event of a pump failure include all 
parts listed above plus a pump shaft and impellers. Stocking of a com- 
plete bowl assembly will minimize pump downtime and allow for an or- 
derly and economical! repair. 

In process plants, Level 3 stocking of spare pump parts is justified for 
most vertical pumps. The general topic of spare parts is covered in Chap- 
ter 5 of Volume | of this series. 


Service Records 


The topic of Maintenance Records is covered in Chapter 6 of Volume 1 
of this series. 
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Problem Solving 


Detailed information relating to vertical pump problem solving is con- 
tained in Reference 6; for general troubleshooting matrixes consult Vol- 
ume 2 of this series. 


installation and Operation 


Installation guidelines may vary greatly for the various vertical pump 
types and the reader should consult the manufacturer for details. Refer to 
Appendix 1B, earlier in this Volume, for operating and documentation 
checklists. 
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Chapter 3 


Reciprocating and Liquid Ring 
Vacuum Pumps* 


The justification for using a reciprocating pump in a petrochemical 
plant instead of a centrifugal or rotary pump must be cost—not just the 
initial cost but total cost, including costs for power and maintenance. 

Some applications are inherently best suited for reciprocating units. 
Such services include high-pressure water cleaning (typically 20 gpm at 
10,000 psig), glycol injection (typically 5 gpm at 1,000 psig), and ammo- 
nia charging (typically 40 gpm at 4,000 psig). Another application that 
practically mandates a reciprocating unit is abrasive and/or viscous slur- 
ries above about 500 psig. Examples of these services range from coal 
slurry to peanut butter. 

The best feature of the power pump is its high efficiency. Overall effi- 
ciencies normally range from 85 to 94 percent. The losses of approxi- 
mately 10 percent include all those due to belts, gears, bearings, pack- 
ings, and valves. 

Another characteristic of the reciprocating pump is that capacity is a 
function of speed, and is relatively independent of discharge pressure. 
Therefore, a constant-speed power pump that moves 100 gpm at 500 psig 
will handle very nearly 100 gpm at 3,000 psig. 

The direct-acting pump has some of the same advantages as the power 
pump, plus others. These units are well suited for high-pressure low- 
flow applications. Discharge pressures normally range from 300 to 
5,000 psig, but may exceed 10,000 psig. Capacity is proportional to 
speed from stall to maximum speed, regardless of the discharge pressure. 


* From “Reciprocating Pumps,” Chemical Engineering, Sept. 21, 1981 by T. L. Hen- 
shaw, Union Pump Co. Adapted by permission of the author. 
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Speed is controlled by throttling the motive fluid. The unit is normally 
self-priming—particularly the low clearance-volume type. 

Direct-acting pumps are negligibly affected by hostile environments 
such as corrosive fumes, because of the absence of a bearing housing, 
crankcase, or oil reservoir (except for units requiring a lubricator). Some 
direct-acting pumps inadvertently inundated by flood-water have contin- 
ued to operate without adverse effects. Direct-acting pumps are quiet, 
simple to maintain, and their low speeds and rugged construction lead to 
a very long life. 

Both power and direct-acting pumps with special fittings and operating 
at low speeds have been successfully applied to abrasive-slurry services. 

The low thermal efficiency of the direct-acting pump is sometimes 
used to advantage. When steam is the motive fluid, very little heat is lost 
from inlet to exhaust. The exhaust temperature is the same as that ob- 
tained by throttling. In those cases where high-pressure steam is throttled 
to a lower pressure for heating (such as for deaerating boiler feedwater), 
the steam can be used to drive a direct-acting pump, with the exhaust 
steam used for heating. In this circumstance, the drive end (piston rings, 
valves, etc.) is made to operate without lubrication, so that the exhaust 
steam will be oil-free. 


Pump Classification 
Reciprocating pumps are usually classified by their features: 


© Drive end, i.e., power or direct-acting. 

e Orientation of centerline of the pumping element, i.e., horizontal or 
vertical. 

© Number of discharge strokes per cycle of each drive rod, i.e., single- 
acting or double-acting. 

© Configuration of the pumping element, i.e., piston plunger or dia- 
phragm. 

e Number of drive rods, i.e., simplex, duplex, or multiplex. 


Figure 3-1 illustrates this classification in chart form. 
Figure 3-2 shows two examples of reciprocating pumps. 


Cross-sectional drawings for power and direct-acting pumps are shown 
in Figures 3-3 and 3-4, respectively. 


The size of a power pump is normally designated by listing first the 
diameter of the plunger (or the piston), and second the length of the 
stroke. In the United States, the units are inches. For example, a pump 
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Horizontal Single-acting Piston Simplex 
Power H Le Duplex 
Double-acting. Diaphragm Multiplex 


Vertical 
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Figure 3-1. Classification of reciprocating action pumps. 





Figure 3-2B. Direct-acting, duplex, double-acting piston pump. (Reciprocating pumps may 
be driven by electric power or a motive fluid.) Courtesy of Union Pump Company. 
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Figure 3-4, Typical action of a horizontal duplex pump. 


designated as 2 x 3 has a plunger diameter of 2 in. and a stroke length of 
3 in. For a direct-acting pump, the same convention is followed, except 
that the diameter of the drive piston precedes the liquid-end-element di- 
ameter. For example, a pump designated 6 x 4 X 6 has a drive-piston di- 
ameter of 6 in., a liquid-piston diameter of 4 in., and a stroke length of 6 


in, 


Liquid-End Components 


All reciprocating pumps contain one or more pumping elements (pis- 
tons, plungers, or diaphragms) that reciprocate into and out of pumping 
chambers to produce the pumping action. Each chamber contains at least 
one suction and one discharge valve. The valves are simply check valves 
that are opened by the liquid differential pressure. Most valves are spring 


loaded. 


The liquid end is that portion of the pump that does the pumping. Ele- 
ments common to all reciprocating-pump liquid ends are the liquid cylin- 


der, pumping element, and valves. 
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The liquid cylinder is the major pressure-retaining part of the liquid 
end, and forms the major portion of the pumping chamber. It usually 
contains or supports all other liquid-end components. 

A piston (“a,” Figure 3-5) is a flat cylindrical disk, mounted on a rod, 
and usually contains some type of sealing rings. A plunger (“b,” Figure 
3-5) is a smooth rod and, in its normal configuration, can only be single- 
acting. With a piston, the sealing elements move. With a plunger, they 
are stationary. A piston must seal against a cylinder or liner inside the 
pump. A plunger must seal only in the stuffing box, and touches only 
packing and possibly stuffing box bushings. 

A piston pump is normally equipped with a replaceable liner (sleeve) 
that absorbs the wear from the piston rings. Because a plunger contacts 
only stuffing box components, plunger pumps do not require liners. 

Sealing between the pumping chamber and atmosphere is accom- 
plished in a stuffing box or packing box (“c,” Figure 3-5). The stuffing 
box contains rings of packing that conform to and seal against the stuff- 
ing box ID and the rod. 

If a lubricant, sealing liquid or flushing liquid is injected into the center 
of the packing, a lantern ring or seal cage is required. This ring provides 
an annular space between the packing rings so that the injected fluid can 
freely flow to the rod surface. 

The valves in a reciprocating pump are opened by the liquid differen- 
tial pressure, and allow flow in only one direction. They have a variety 
of shapes, including spheres, hemispheres, disk, and bevel seats (Figure 
3-6). 


Packing Maintenance 


The biggest maintenance problem on most reciprocating pumps is 
packing. Although the life of standard packing in a power pump is about 
2,500 hr, some installations with special stuffing box arrangements have 
experienced a life of more than 18,000 hr, at discharge pressures of up to 
4,000 psig. 

Short packing life can result from any of the following conditions: 


. Improper packing for the application. 

. Insufficient lubrication. 

Misalignment of plunger (or rod) with stuffing box. 

. Worn plunger, rod, stuffing box bore or stuffing box bushings. 
. Packing gland too tight or too loose. 

High speed or high pressure. 

High or low temperature of pumpage. 

. Excessive friction (too much packing in box). 
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Figure 3-5. Steam piston mounted on rod (a). Plunger with hard metal coating (b). Cutaway 
stuffing box showing spring-loaded packing (c). (Courtesy of Union Pump Company.) 
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9. Packing running dry (pumping chamber gas-bound). 

10. Shock conditions arising from entrained gas or cavitation, broken 
or faulty valve springs, or system problems. 

11. Solids from the pumpage, environment or lubricant. 

12. Improper packing installation or break-in (where required). 

13. Icing caused by volatile liquids that refrigerate and form ice crys- 
tals upon leakage to atmosphere, or by pumping liquids at temper- 
atures below 32°F. 


As is evident from these conditions, short packing life can indicate 
problems elsewhere in the pump or system. 

To achieve a low leakage rate, the clearance between the plunger (or 
rod) and packing must be essentially zero. This requires that the sealing 
rings be relatively soft and pliant. Because the packing is pliant, it tends 
to flow into the stuffing box clearances, especially between the plunger 
and follower bushing. If this bushing does not provide an effective bar- 
rier, the packing will extrude, and leakage will increase. 
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Figure 3-6. Wing-guided valve and seat pressed into cylinder (a). Disk-type valve and seat 
clamped to cylinder (b). Disk-valve assembly (c). (Courtesy of Union Pump Company.) 
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A set of square of V-type packing rings will experience a pressure gra- 
dient, during operation, as indicated in Figure 3-7. The last ring of pack- 
ing adjacent to the gland-follower bushing will experience the largest ax- 
ial loading of all rings—resulting in greater deformation, tighter sealing 
and, therefore, the largest pressure drop. Hence, the gap between the 
plunger and the follower bushing must be small enough to prevent pack- 
ing extrusion. Most packing failures originate at this critical sealing 
point. 

Because this last ring of packing is the most critical, does the most seal- 
ing, and generates the most friction, it requires more lubrication than do 
the others. In the nonlubricated arrangement (Figure 3-7), this ring must 
rely on the surface of the plunger to drag some of the pumpage back to it 
in order to provide cooling and lubrication. To maximize packing life in 
this situation, the overall stack height of the packing should not exceed 
the stroke length of the pump. Short packing life has resulted from nonlu- 
bricated operation of stuffing boxes equipped with lantern rings, espe- 
cially on short-stroke pumps (approximately 2 in. stroke length). The 
lantern ring located in the center of the packing sometimes causes the 
overall stack height of the packing to exceed the stroke length. 





128 Major Process Equipment Maintenance and Repair 


Sa 6m 





Figure 3-7. Preesure gradient across packing. 


Because the last ring of packing requires more lubrication than do the 
others, lubrication of the packing from the atmospheric side is more ef- 
fective than injection of oil into a lantern ring located in the center of the 
packing. Care must be exercised to get the lubricant onto the plunger sur- 
face and close enough to the last ring, so that the stroke of the plunger 
will carry the lubricant under the ring. If the lubricant drips onto the 
plunger aft of the gland, the plunger-stroke length may not be sufficient 
to carry the lubricant under the last ring of packing. 

Because the last ring of packing deforms the most, it conforms to the 
irregularities in the bore of the stuffing box. Therefore, when the gland is 
tightened, most of the force is absorbed in the last ring, causing it to seal 
tighter in the box and on the plunger. Very little of the gland force gets 
transmitted to the inner rings of packing. 

Hence, the bottom ring of packing must be firmly seated during instal- 
lation, using a rod with a flat end or a stack of gland bushings. After the 
stuffing box has been completely assembled, with the plunger rein- 
stalled, and before filling the liquid end with fluid, it is advisable to 
tighten the gland snugly by hand with the gland wrench. If allowed to sit 
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with this imposed load, most packing will flow and conform to the stuff- 
ing box and plunger. It will often be found that after 10 minutes the gland 
can be further tightened. This process should be repeated two or three 
times, or until the gland cannot be further tightened. The gland should 
then be completely loosened, and the packing allowed to expand for 10 to 
15 minutes. The gland should then be drawn up only finger tight (no 
wrench). Now, the block valves may be opened and liquid allowed into 
the pump. 

Soaking the packing in oil prior to installation will enhance a proper 
break-in and increase packing life. 

During the first few hours of pump operation following repacking, 
each stuffing box should be monitored for temperature. It is normal for 
some boxes to run warmer than others—as much as 50°F above the 
pumping temperature. Only if this exceeds the maximum temperature 
rating of the packing are steps required to reduce box temperature. 

The best lubricant for most installations equipped with stuffing box lu- 
bricators has been found to be steam-cylinder oil. This oil is compounded 
with tallow, which gives it a tenacity for the plunger surface and makes it 
ideal for providing a lubricating wedge between the plunger and packing. 

The concepts that a higher discharge pressure requires more rings of 
packing and that a larger number of rings lasts longer may have been true 
for long-stroke low-speed machines but has been disproven in some 
power-pump applications. Unless they are profusely lubricated, the 
larger number of rings create additional frictional heat and wipe lubricant 
from the plunger surface—thus depriving some rings of lubrication. On 
numerous salt-water injection pumps operating at pressures above 4,000 
psig, packing life was reported to be only two weeks when twelve rings 
of packing were installed in each stuffing box. With three rings in each 
box, packing life was approximately six months. 


Stuffing Boxes 


Stuffing box designs—including the standard nonlubricated types and 
various lubrication and bleedoff schemes to minimize leakage and extend 
packing life—are shown in Figure 3-8. 

The most significant advance in packing arrangements in recent years 
is the spring-loading of packing. Although the concept has been dis- 
cussed in the literature for decades, and actually put into practice by one 
manufacturer for at least twenty years, only recently has this arrange- 
ment received general attention. 

Spring loading is applied almost exclusively to V-ring (chevron) pack- 
ing but also works well with square packing rings. The spring must al- 
ways be located on the pressure side of the packing. Springs of various 
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Figure 3-8. Stuffing box designs. 
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types can be used, including a single large coil, multiple coil, wave- 
washer, belleville, and a thick rubber washer. 

The force required by the spring is small compared to the force im- 
posed on the packing by the liquid. The major function of the spring is to 
provide a small preload to help set the packing, and to hold all bushings 
and packing rings in place during operation. 

Spring loading of packings has many advantages. It: 


© Requires no adjustment of the gland—the gland is tightened until it 
bottoms, then is locked. This removes one of the biggest variables in 
packing life—operator skill. 

© Allows expansion—if the packing expands due to frictional heat dur- 
ing the initial break-in, the spring allows for the expansion. 

© Takes up wear—as the packing wears, adjustment automatically oc- 
curs from inside the box. The problem of transmitting the force 
through the top packing ring during gland adjustment is eliminated. 

© Provides a cavity—the spring cavity provides an annular space for 
the injection of a clean liquid for slurry applications. 

© Eliminates the need for gland if pump design allows this—the stuff- 
ing box assembly (if a separate component) can be disassembled and 
reassembled on a workbench. 


Disadvantages of spring-loaded packing are associated with the cavity 
created by the spring. Since this cavity communicates directly with the 
pumping chamber, the additional clearance volume can cause a reduction 
in volumetric efficiency if the pumpage is sufficiently compressible. This 
cavity also provides a place for vapors to accumulate. If the pump design 
does not provide for venting this space, a reduction in volumetric effi- 
ciency may occur. 

Spring-loaded packing is the reciprocating pump’s equivalent to the 
mechanical seal for rotating shafts. Leakage is low, life is extended, and 
adjustments are eliminated. Packing sets can be stacked in tandem (they 
must be independently supported) for a stepped pressure reduction, or to 
capture leakage from the primary packing that should not be allowed to 
escape to the environment. 


Plunger Material 


After the packing, the plunger is the component of a power pump that 
requires the most frequent replacement. The high speed of the plunger 
and the friction load of the packing tend to wear the plunger surface. 
For longer life, plungers are sometimes hardened. A more popular 
method is to apply a hard coating to the plunger surface. Such coatings 
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are of chrome, various ceramics, nickel-based alloys, or cobalt-based al- 
loys. Desired features for the coatings include hardness, smoothness, 
high bond strength, corrosion resistance, and low cost. No one coating 
optimizes all of these features. 

The ceramic coatings are harder than the metals but are brittle, porous, 
and sometimes lower in bond strength. Porosity contributes to shorter 
packing life. Mixing of hard particles such as tungsten carbide into the 
less-hard nickel or cobalt alloys has resulted in longer plunger life at the 
expense of shorter packing life. 


Drive-End Components 


The drive end of a power pump is called a power end (see Figure 3-3). 
Its function is to convert rotating motion from a driver to reciprocating 
motion for the liquid end. The main component of the power end is the 
power frame, which supports all other power end parts and, usually, the 
liquid end. The second major item in the power end is the crankshaft 
(sometimes, a camshaft). The function of the crankshaft in a power pump 
is the same as a crankshaft in an internal-combustion engine, except that 
the flow of energy is opposite. 

The main bearings support the shaft in the power frame. The connect- 
ing rod is driven by the throw of the crankshaft on one end, and drives a 
crosshead on the other. The crosshead moves in pure reciprocating mo- 
tion, the crankshaft in pure rotating motion. The connecting rod is the 
link between the two. 

Although similar in construction and motion to a piston in an internal- 
combustion engine, the crosshead is fastened to a rod called an “exten- 
sion,” “stub,” or “pony” rod. The other end of this rod is fastened to the 
plunger or piston rod. 

The function of the drive end (or steam end, or gas end) of a direct- 
acting pump is to convert the differential pressure of the motive fluid to 
reciprocating motion for the liquid end. The drive end is similar in con- 
struction to the liquid end, containing a double-acting piston and valving. 
The major difference is that the valve is mechanically actuated by a con- 
trol system that senses the location of the drive piston, to cause the valve 
to reverse the flow of the motive fluid when the drive piston reaches the 
end of its stroke. 

The main component of the drive end is the drive cylinder. This cylin- 
der forms the major portion of the pressure boundary, and supports the 
other drive-end parts. Unlike the power-pump’s power end, this cylinder 
does not support the liquid end. 
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Maintenance of Liquid Ring Vacuum Pumps* 


Liquid ring vacuum pumps and compressors consist of a rotor with ra- 
dial pumping vanes rotating in a casing, causing a ring of service liquid 
to form at the outer circumference of the rotor. Depending on the ma- 
chine manufacturer, the rotor may be mounted with its rotational axis ec- 
centric to the casing centerline, or concentric in a lobe-shaped casing. 
This allows the service liquid depth in the vanes to change depending on 
the rotational position of the vanes. This in turn causes a liquid piston 
effect with the cavities between successive vanes being filled and emptied 
of service liquid as the rotor turns. Porting in the casing is arranged so 
that the suction flow enters the rotor where the liquid ring depth is de- 
creasing, and discharge occurs when the depth is nearing its maximum. 
The service liquid, vanes, and close-running clearances at the rotor ends 
serve to seal the compression “chambers.” As the depth of the service 
liquid increases, the “chamber” volume decreases and compresses the 
gases. High pressure ratios are obtained by staging. Figures 3-9A and 
3-9B illustrate the liquid ring principle. 

Several clearances are critical to the successful operation of liquid ring 
machines. Rotor end clearances provide a leakage path from discharge 


* Compiled by J. V. Picknell, Esso Chemical Canada, Ltd. 
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Figure 3-9A. Sectional and end view of a liquid ring vacuum pump. (Courtesy of Nash Engi- 
neering Company.) 
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Figure 3-9B. Exploded view of a liquid ring vacuum pump with side ports. (Courtesy of 
SIHI.) 
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Figure 3-10. Performance reduction of a liquid ring vacuum pump due to service water tem- 
perature rise. (Courtesy of SIHI.) 


back to suction where they are not filled with service liquid. Where suc- 
tion and discharge ports are arranged in cones around the shaft, the clear- 
ances between the cones and the rotor are important for the same reason. 
The rotor tip clearance in the casing is less critical since this will be sub- 
merged in service liquid. 
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Also important is the service water temperature rise which can have an 
effect on the performance of liquid ring vacuum pumps. Figure 3-10 is 
typical of this interaction. 

The importance of rotor end clearances in most designs necessitates 
particular care in rotor axial positioning while assembling, and attention 
to bearing fits so that the rotor cannot change position other than by ther- 
mal growth. This becomes more difficult, but equally important in multi- 
staged machines. During operation of the machines, bearing care is im- 
portant to ensure that the rotor does not shift. Adequate lubrication and 
vibration, shock pulse and/or spike energy monitoring is important. Most 
liquid ring machines employ tight running clearances over fairly large 
areas (i.e., the entire rotor end area at both ends). Bearing failures result- 
ing in axial or radial position changes can result in rubs and seizure of the 
machines. Assembly views reveal the close running tolerances employed 
(Figures 3-11 and 3-12). 

Sealing of shafts is accomplished by either mechanical seals or by 
packing. Double and tandem seals may be used where process conditions 





Figure 3-11. Disassembled view of liquid ring vacuum pump with side ports showing 
“sandwich” construction. 
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dictate it. Close attention to the maintenance of flushing and buffer fluid 
systems is necessary to ensure long life of the seals. Seal failure can re- 
sult in significant reduction in vacuum pump capacity with no visible ex- 
ternal leakage. 

Performance of liquid ring machines can be significantly affected by 
the service liquid used. The volume of liquid employed alters the sub- 
mergence of the rotor vane tips throughout the compression cycle and 
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Figure 3-12. Cross section and bill of material of a vacuum pump with cone type porting. 
(Courtesy of Nash Engineering Company) 
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will affect the volume of gas drawn into the machine and the compression 
ratio. Service liquid absorbs the heat of compression and must be cooled. 
This is accomplished by running the liquid through external coolers, or 
by make-up liquid, or by using a once-through system. Usually the ser- 
vice liquid circulating system employs a discharge vessel in which gas 
and liquid separation occurs. The level of liquid in this vessel is main- 
tained at the level of the shaft centerline to ensure the correct amount of 
liquid is in the machine. 

As mentioned, service liquid temperature also has a profound effect on 
the efficiency and capacity of liquid ring machines. As the temperature of 
the service liquid rises, so does its vapor pressure. This increases the par- 
tial pressure of the service liquid vapor in the machine and reduces the 
volume available for the process gas. 

Final discharge pressure, where it can vary, can also affect overall per- 
formance. If the process gas contains a condensible vapor and the dis- 
charge pressure is high enough at compression temperatures to allow 
condensation, some liquid will condense. When this liquid leaks through 
running clearances back to suction, it can flash off and reduce inlet or 
suction capacity. 

Starting of liquid ring machines must be done with the machine only 
half full of liquid. Failure to maintain the correct level for starting can 
result in either reduced capacity (level too low) or overloading (level too 
high). The latter is more serious as it can result in driver overload, belt 
wear, or coupling failure. These machines have only a limited capability 
to handle liquids in the process stream. 

Large volumes of liquid in the process gas or vapor stream can over- 
load the machine. The reader will appreciate that a volume of liquid 
greater than the volume between vanes at the discharge openings cannot 
be compressed. High vibration, overload, and machine failure can result. 
Particulate matter or solids in the process stream can be handled in small 
quantities. Solids can lodge between running faces and cause wear, and 
eventually open up clearances to reduce capacity. Large quantities of sol- 
ids can plug up internal clearances and passages, reducing the capacity of 
the machine and possibly seizing it. Excess heat can be generated by the 
closing up of running clearances. This can cause excess thermal growth 
of the rotor and further wear. 

Cavitation damage can often be found in the suction porting and on 
vacuum pump rotors. During operation this can be detected by the char- 
acteristic sound of “gravel on steel.” Some vacuum pump systems em- 
ploy an ejector in their suction lines to boost the suction pressure that the 
machine sees. Motive fluid for the ejector can be taken from the pump 
discharge. Where cavitation is found it may be worthwhile to consider 
the use of a suction line ejector, raising the suction pressure (where pro- 
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cess conditions will allow), or using pump parts made of materials resis- 
tant to cavitation damage, such as high-chrome steels. 

Maintenance of liquid ring machines is minimized because there are no 
wearing parts other than bearings and seals. The bulk of necessary main- 
tenance efforts should be aimed at the service water, seal fluid, and pres- 
sure regulating systems. This necessitates careful monitoring by operat- 
ing personnel. In addition to these it is necessary to monitor bearing 
health by vibration analysis, shock pulse, or spike energy methods. 

When disassembly for repairs is necessary there are very important de- 
tails to ensure that running clearances are reestablished correctly. In ma- 
chines with cone type inlet and discharge porting, axial rotor position is 
critical, especially where running clearances are on tapered surfaces as in 
Figure 3-13. You can appreciate that an axial shift will close up the clear- 
ance on one end and open it up on the other. In Figure 3-13 the thrust end 
bearing is on the left hand side. Shimming is used at this end under the 
bearing cap to adjust the axial position. When machines of this design are 
disassembled, note the shim thickness removed. If the entire rotor assem- 
bly is being replaced, compare the distance marked “A” on the new and 
the old rotor and adjust the shim thickness accordingly. 
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Figura 3-13. Clearance checks required for vacuum pump rotors. 
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Figure 3-14. Cross section view of two-stage vacuum pump. 


In “sandwich” construction machines such as in Figure 3-14, the cor- 
rect clearances are more difficult to obtain. A two-stage machine with 
thrust end at the left is shown. Several measurements are required to en- 
sure correct assembly (refer to Figures 3-13 and 3-14). 


1. The length of the center bodies “A” and “B” (items 4, 7). 

2. The length of the impeller hubs “C” and “D” (items 3, 9). 

3. Check that the impeller ends are parallel and the tips .03 to .08 mm 
(.001 to .003 in.) narrower than the hubs. 

4. The depths of the recesses at the impeller hubs “E,” “F,” “G,” and 
“H.” 

5. Check that the surfaces of the intermediate plates (items 5, 6) are 
parallel and flat within .04 mm (.0015 in.) and record their thick- 
ness at the outer circumference “J,” and “J.” 
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6. The length of the distance bushing “K” (item 8) and ensure that its 
ends are parallel within .03 mm (.001 in.). 

7. The distance from the inboard end of the sleeve to the first shaft 
step outboard of the sleeve at the thrust bearing end of the rotor 
“lL.” 


The clearances that will result from assembly can now be calculated, 
and adjustments made: 


Total End Clearance = (A+B+I+J)—-(E+C+K+D+H) 
Total Center Clearance = (K-—F-G)—-(+J 


On a typical machine, these clearances should be .38 to .51 mm (.015 
to .020 in.) per running surface pair. To adjust the center clearances it is 
necessary to machine the center distance bushing (alter “K”). To adjust 
the end clearances it is necessary to machine the impeller ends. If impel- 
ler ends are damaged by a rub they must also be machined. If impeller 
machining results in excess end clearances it will be necessary to ma- 
chine the center bodies. The limit of impeller machining before center 
body machining is necessary is typically .76 mm (.030 in.). When one 
impeller is shortened it is also necessary to shorten the other impeller by 
an amount equal to the amount taken off the first impeller multiplied by 
the ratio of impeller lengths in order to maintain the original pressure 
ratio. 

When impellers and center bodies are shortened, the internal volume 
of the machine, and hence capacity, is reduced. To restore the original 
capacity it will be necessary to purchase and install new impellers and 
center bodies. 

The distance “L” is critical to ensure that the entire assembly is located 
at its correct axial position. Reassembly begins with the rotating element 
and intermediate plates. Start by assembling the thrust end shaft sleeve to 
the shaft with its locknut and washer, setting “L” to the original dimen- 
sion. Stack up the rotor parts in order, including the intermediate plates 
and finishing with the other sleeve locknut. This is most easily accom- 
plished with the rotor standing on its thrust end. Check the clearance of 
the intermediate plates to the impeller ends with feeler gauges. The body 
can now be assembled, again beginning at the thrust end. .Start with the 
cover (item 2 in Figure 3-14). Use either O-rings or Permatex® at the 
body joints during this assembly. Insert the rotating assembly with the 
intermediate plates when the first center body is installed. Finish this step 
of the assembly with the other end cover and tie rods. With the body on 
its feet, level the assembly and tighten the tie rods evenly to the recom- 
mended torque values. 
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Finally, assemble the bearing brackets, bearings and seals or packing. 
Assemble the thrust end first. At the driven end the bearing must be cen- 
tralized in its housing. Check the end float by loosening and tightening 
the thrust end bearing cover (item 1 in Figure 3-14). Measure axial 
movement with a dial indicator on the exposed shaft end. Adjust that 
bearing cover so that the rotor will be held in the middle of its axial float. 


Chapter 4 


Positive Displacement and 
Dynamic Blowers 


Maintenance Instructions for Positive Displacement Rotary Blowers* 


Process plants frequently employ rotary positive displacement blowers 
utilizing a 3-lobe rotor design. The rotors are driven by timing gears. 
Ball bearings at each end of the rotors provide support and control lim- 
ited clearances. Internal parts are lubricated by splash oil lubrication. Lip 
seals are used to control process gas leakage. A cutaway picture of a typi- 
cal blower is shown in Figure 4-1A. 


Materials of Construction 


Rotors with integral shafts, housing and end plates are made of ductile 
iron. 


Disassembly (Figure 4-1B) 


Disassembly procedures are generally simple and straightforward. 
Here is a typical sequence for the blower shown. It may have to be modi- 
fied for different types or models: 


1. Drain oil from blower. 

2. Remove drive end cover (6) and flanged drive shaft (45) from 
drive gear. 

3. Mark all parts with a center punch so they can be reassembled in 
same position. 


* Courtesy of M-D Pneumatics Inc., compiled by H. Y. Hung, Esso Chemical Canada, 
Ltd., Sarnia, Ontario. 
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. Remove nondrive end cover (7). 
. Remove flathead socket cap screw (29, 69), rotor shaft washer 


(25), and oil slinger (21) from nondrive end of each rotor. 


. Remove timing gears (8): 

. Place the blower on its side as shown in Figure 4-2A. 

. Remove the gear lock nuts (35) from shafts. 

. Rotate the gears to the position shown in Figure 4-2A—keyways in 


line and gear timing arrows matched. Mark gears with reference 
marks—five teeth below timing marks. 

Turn the gears upward five teeth so the reference marks are 
matched as shown in Figure 4-2B. This gear position is necessary 
when pulling one gear first so rotors will clear and not jam. 
Pull the driven gear first, using a gear puller. It is assembled in 
two parts—gear rim and hub. Do not disassemble. Do not inter- 
change the dowel pins (58); they are select fitted. 

Remove the drive gear. Keep the key (24) together with the gear. 
Remove end plates (4 & 5): 





Figure 4-1A. Cutaway drawing of a three-lobe rotary displacement blower. (Courtesy MD 
Blowers.) 
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Figure 4-1B. Cross-sectional drawing and bill of material of a three-lobe rotary displace- 
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Drive End Cover 
Non-Drive End Cover 
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Drive Shaft Seob 
Bearing Retaining Ring 
Oil Retainer Rin 
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Drive Shaft Key 
Gear Key 
Rotor Shaft Wosher 
End Cover Hex. Screw 
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End Cover Gosket 
Flot Hd. Socket Cap Screw 
Button Hd. Sacket Cap Screw 
Magnetic Drain Plug - Hen. Hd. 
Oil Lewel Pipe Plug - Sq. Hd. 
Dows! Spacer - Upper 
Geor & Beoring Lockaut 
Lockhwasher 
Breather 


ment blower. (Courtesy MD Blowers.) 


tet ty 













Description 
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Port Fitting - Hex Screw 
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Name Plate 
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Socket Hd. Pipe Plug 
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Seat Adapter Ring 
Snep Ring 
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Adjusting Shim 
Rotor Shoft Foce Seal Assembly 
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Face Seal Rotor 
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Hex. Hd. Cap Screw 
Screw Lock Plate 
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Figure 4-2A. Keyways in line and timing arrows matched. (Courtesy MD Blowers.) 





Figure 4-2B. Timing arrows advanced five teeth—reference marks aligned. (Courtesy MD 
Blowers.) 
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14. Place support blocks on the bed of an arbor press. Set the blower, 
gear end pointing down, on the two blocks. Make sure the blocks 
support the rotor housing (3). Press the gear end plate (4) and ro- 
tors (1 & 2) out of the rotor housing (3) simultaneously. 

15. Lift the housing off the rotors and remove the nondrive end plate 
(5) by tapping the end plate from the inside of the housing. Place 
the rotor housing back over the rotors. 

16. Set the unit on support blocks with the gear end pointing upward. 
Do not extend blocks into the rotor bores. Press the rotors out 
from the gear end plate. Mark each rotor and note the position of 
the keyways. 

17. Remove the bearing retainers (14) on drive end plate and push the 
bearings (9) from the end plates. 

18. Remove lip seals from the end plates. 

19. Clean all parts with clean solvent. 

Assembly 


Here is a typical assembly sequence and rule-of-thumb dimensions: 


1. 


MA Wh 


fo 


\o 0 ~ 


10. 


11. 


Install lip seals in end plates. Ensure the lip is towards the bearing 
side. 


. Install rotors in drive end plate. 

. Stand rotors on free end in arbor press. Keyways must be in line. 
. Place drive end plate (4) with lip seals installed, over rotors. 

. Press gear end ball bearings (9) on rotor shafts and into bearing 


bores in end plate. 


. Install gear end bearing retaining ring (14), and screws (62). 


Caution: The bearings used have flush ground faces and should 
be installed with manufacturer’s bearing number toward 
the gear side. Do not use standard bearings which have 
not been flush ground within .001 in. tolerance. 


. Install timing gears. 
. Insert the gear keys in their proper location. 
. Install drive gear first. Press gear on drive rotor. To prevent jam- 


ming, timing marks must be arranged as shown on Figure 4-2B. 
Secure gears with lock plate (65) and hex screw (66). Check face 
runout not to exceed .001 in. TIR. 

Check clearance between face of the drive end plate and the rotor 
lobe ends (.006 in. to .009 in.). 

Install rotor and drive end plate assembly in rotor housing (3). Se- 
cure with 4 hex screws (26). Be sure dowel pins (63, 58) are in 


12. 
13. 


14. 
15. 


16. 


17. 


18. 
19. 


20. 


21. 


22. 
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housing. Apply a thin, even coat of silicone grease to the end of 
housing before assembly. 

Install free end plate. 

Secure nondrive end plate (5) to rotor housing (3) with hex screws 
(26). Be sure dowel pins are in housing. 

Install spacer (57) and bearing (10) on each rotor shaft. 

Place oil slinger (21) on lower bearing, install drive pin (68) and 
secure with flathead socket cap screw (69). Use rotor shaft washer 
(25) and flathead socket cap screw (29), to secure upper bearing 
(1) on rotor. 

Check clearance between face of the nondrive end plate and the 
rotor lobe ends (.012 in. to .018 in.). 

Check rotor tip to housing clearance. 

Inlet side: .0125 in. to .014 in. 

Discharge side: .0085 in. to .010 in. 

Check interlobe clearance (See Figure 4-2C). 

Adjust timing: 

The driven gear is made of two pieces. The outer gear shell is fas- 
tened to the inner hub with four cap screws (60) and is located with 
two dowel pins (58). A .030 in. thick shim (16), made up of .003 
in. laminations, separates the hub and the shell. By removing or 
adding shim laminations, the gear shell is moved axially relative to 
the inner hub which is mounted on the rotor shaft. Being a helical 
gear, it rotates as it is moved in or out and the driven rotor turns 
with it, thus changing the clearance between rotor lobes (Figure 
4-2D). Changing the shim thickness .003 in. will change the rotor 
lobe clearance .0015 in. When reassembling shell on hub, be sure 
that timing marks coincide as shown in Figure 4-2B. 

Bolt nondrive end cover (7) to nondrive end plate (5). Be sure gas- 
ket (28) is placed between the cover and the end plate. 

Mount bearing (50) and snap ring (47) on drive shaft (45) and fas- 
ten to drive gear (8), using four hex screws (66) and lock plate 
(65). Drive shaft shall not run out more than .001 in. TIR. 
Assemble cover (6) to blower. Install lip seal (13) on cover. 


Some useful information should be tabulated in the vendor’s instruction 
manual: 


l. 


Torque values for: 


e Gear and bearing locknut 
e Rotor and drive shaft flathead screw 
e Gear end ball bearing retainer screw 
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Figure 4-2C. Checking interlobe clearance. (Courtesy of MD Blowers.) 
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Figure 4-2D. Application of feeler gauge. (Courtesy of MD Blowers.) 
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Unless otherwise stated by the manufacturer, use the following values 
in ft-lbs: 


@ M/4 in. CAP SCTEW 2... cece cee ee tee eee ete 12 
@ 5/16 IN. CAP SCTEW 1... eee eee tee tenes 24 
@ 3/g iN. CAD SCTEW ... 2. ee eee eee 42 
@ 1/2 IM. CAP SCTEW 2... eee eee cee eee eee teens 90 


. Weight of blower 

. Oil capacity: drive end and nondrive end 
. Lubricating oil required 

. Oil change interval 


mAh WN 


Care and Maintenance of Fans” 


Large Fan Blower Maintenance 


The use of large fans, or blowers, in petrochemical process, power 
plant, and other industrial applications has experienced a tremendous 
growth in the past decades. Much of the growth has been brought about 
by the demand for cleaner air. Boilers, waste heat recovery equipment, 
furnaces and related systems have produced increasingly hotter, more 
corrosive and particulate matter-laden gases to be moved. With the han- 
dling of more demanding gas in greater volumes have come larger and 
faster fans, which must be considered an important part of the plant 
maintenance load. 

Heavy duty fans dealt with in the following section are used in two 
major functions: Forced draft and induced draft. Forced draft fans are 
used to push air through a furnace, boiler, or process apparatus. Induced 
draft fans are exhaust fans which draw gases from the process—usually 
pollution control equipment. Both types of fans are usually found with 
one of four impeller arrangements, namely paddle wheel, radial tip, dou- 
ble inlet airfoil, and single inlet fan. Figure 4-3 shows an exploded view 
of the more common heavy duty single inlet fan. Figure 4-4 illustrates the 
less common vaneaxial fan arrangement. 


Fan Component Nomenciature 

Heavy duty fans have impeller diameters up to 166 in. and may weigh 
up to 10,000 lbs. Operating speeds range from 600 to 1,800 revolutions 
per minute depending upon the fan system and its application. Figure 4-5 


* Courtesy of Canadian Blower/Canada Pumps Ltd., Kitchener, Ontario, Canada 
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Figure 4-3. Exploded view of a centrifugal fan. (Courtesy Canadian Blower/Canada Pumps 
Ltd. (CB/C Ltd.)) 
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Figure 4-4. Cutaway view of a vaneaxial fan (courtesy CB/CP Ltd.). 
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Figure 4-5. Standard fan arrangements. 
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DIRECTION OF ROTATION IS DETERMINED FROM DRIVE SIDE FOR EITHER SINGLE OR DOUBLE IN- 
LET FANS. (THE DRIVING SIDE OF A SINGLE INLET FAN IS CONSIDERED TO BE THE SIDE OPPOSITE 
THE INLET REGARDLESS OF ACTUAL LOCATION OF THE DRIVE.) WHEN DUAL DRIVE iS USED THE 
DRIVE SIDE iS THE SIDE OF THE MAIN DRIVING UNIT. 


Figure 4-6. Direction of fan rotation and discharge designation. 


shows the terminology used by the fan industry to describe fan arrange- 
ments. Figure 4-6 illustrates the standard designation of rotation and dis- 
charge. 


Housing and Inlet Boxes 


Most heavy duty fan housings and inlet boxes are constructed of 
welded sheet metal. Units that must be shipped disassembled are first as- 
sembled at the manufacturing plant, match marked for identification and 
alignment and then disassembled into as large as possible sections so that 
erection at the job site is fast. Standard inlet box positions are shown in 
Figure 4-7. 

Housings are designed for wheel installation or removal either through 
the fan inlet as in Arrangement | fans without boxes, or the housing is 
split. Flanges for bolting or welding are provided on the fan inlet or dis- 
charge. 

Drains are either a pipe coupling or flanged. For pressures up to 18-20 
in. water gauge, quick-opening access doors are used; at higher pres- 
sures, bolted access doors are used. 

When fans are specified for abrasive conditions, side and scroll liners 
are provided (Figure 4-8). Liners are shipped already installed in the 
housing. These liners are replaceable. 
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Figure 4-7. Standard inlet box positions. (Courtesy CB/CP Ltd.) 
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Figure 4-8. Side and scroll liners. (Courtesy CB/CP Ltd.) 


Wheels 


Heavy duty fan wheels are shipped as a single, assembled unit with all 
surfaces either painted or coated with rust preventive. Each wheel has 
been both statically and dynamically balanced. Standard wheel designs 
and direction of rotation are shown in Figure 4-9. 

When specified for abrasive conditions, wear strips constructed of at 
least 1/4 in. floor plate are shipped as shown in Figure 4-10. 


(cy) 
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ARROWS INDICATE PROPER DIRECTION OF ROTATION 
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Figure 4-9, Wheel designs and rotations. (Courtesy CB/CP Ltd.) 
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Figure 4-10. Wear strips. (Courtesy CB/CP Ltd.) 
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TYPICAL BOWL- 
SHAFT SEAL 





Figure 4-11. Shafts and seals. (Courtesy CB/CP Ltd.) 


Shafts and Seals 


Shafts for typical heavy duty fans up to about 8 in. diameter are hot 
rolled steel. Larger shafts are forgings normalized and tempered. Shafts 
are ground to close tolerances and fitted with keys. Thrust collars may be 
removable or an integral part of the shaft. Some larger fans for gas recir- 
culation or high-pressure, forced draft service have a shrink fit on the 
shaft. 

When required to minimize gas or air leakage around the shaft, the 
shaft seals are provided on fan housings and inlet boxes as shown in Fig- 
ure 4-11. Depending upon how the fan is to be used, shaft seal types in- 
clude mechanical, pressurized-air for gas recirculation and other special- 
ized seals. If a unit is ordered with any seal type except the mechanical 
stuffing box style, special instructions are normally provided in the man- 
ufacturer’s data package. 

To reduce air or gas leakage through the fan housing shaft hole, the 
stuffing box has either three or four rows of packing and a grease-lubri- 
cated lantern ring. The stuffing box is packed and the lantern ring 
greased at the factory before shipment. 


Bearings 


Bearings are matched to the service conditions and application in- 
tended for the fan. Ball, roller, and sleeve bearings are used. 
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Varlable Inlet Vanes (VIV’s) 


Variable inlet vanes regulate fan capacity using moveable vanes in the 
fan inlet. A common linkage joins the vanes together so they operate in 
unison when the control lever is moved. See Figure 4-12. 

VIV’s are completely assembled in the inlet bell and adjusted at the 
factory for operation. 

To meet a range of conditions, fan manufacturers provide several VIV 
designs. In one design, the vanes are cantilevered with the operating 
mechanism inside the fan. They are easily serviced by removing the inlet 
bell that includes the VIV assembly. Each vane shaft is supported by two 
self-lubricating bushings separated by a steel sleeve. The area between 
the steel sleeve and vane shaft is packed with graphite grease to prevent 
the shaft from seizing. Service conditions for this design are up to 150°F 
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Figure 4-12. Common linkage variable inlet vanes (VIV). (Courtesy CB/CP Ltd.) 
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Figure 4-13. Center control variable inlet design vane. (Courtesy CB/CP Ltd.) 


and 12 in. water gauge pressure. Another design uses prelubricated ball 
bearings rather than self-lubricated bushings. Here, the operating mecha- 
nism inside the bell is completely shrouded with a dust cover. In yet an- 
other design, the center control VIV is used on ID and clean, hot-gas 
fans. The operating mechanism, a sliding block design, is connected to 
the vanes outside the air flow next to the fan shaft as shown in Figure 
4-13. 


Turning Gear 


For applications such as gas recirculation, fans may stand idle for long 
periods while exposed to temperatures as high as 800°F. Under such con- 
ditions, a thermal set can result in the shaft, causing extreme vibration 
upon startup. 
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To prevent these problems, one manufacturer, for instance, offers a 
turning gear option that attaches to the outboard end of the fan shaft. 
When the main drive shuts down, the turning gear engages and slowly 
rotates the wheel and shaft to distribute the heat evenly. When the unit is 
restarted, the turning gear automatically disengages. 


Assembly and installation of Fans 


This section provides general procedures for installation of heavy-duty 
fans that are shipped disassembled. The procedure is specifically for a 
double inlet fan with inlet boxes and sleeve bearings on pedestals and 
soleplates. Installation of other fan types will vary somewhat. The as- 
sembly drawing furnished with the equipment should be checked. To en- 
sure safety during installation, be sure to use only qualified personnel 
and proper equipment. 


Parts Identification 


Before starting to erect the fan, familiarize yourself with all the parts. 
Make use of the assembly drawing and read the installation manual. Each 
part of the assembly is marked with a factory identification number. Or- 
ders for multiple units also indicate a sequence number. For example, 
two identical fans could be identified as Al for unit number one, A2 for 
unit number two, etc. Part must not be interchanged between fans. 


Fan Shafts 


Fan shafts assembled to the wheel at the factory but shipped separately 
should be stamped with a fit number in the keyway. The factory identifi- 
cation number should also be stamped on the end of the shaft. 


Wheels 


Wheels assembled to the fan shaft at the factory but shipped separately 
are generally stamped with a fit number on the wheel hub above the key- 
way. Double width fans have the keyways marked with the number one 
and two corresponding to the fan shaft. The fan identification number 
and fit numbers also are painted on the wheel flange except for unpainted 
or special material wheels which are usually tagged. 


Housing and Boxes 


The mating parts of all housings and inlet box sections are match- 
marked with the fan identification number, a section number indicated by 


158 Major Process Equipment Maintenance and Repair 


roman numerals and alignment arrows. All units are provided with a ro- 
tation arrow. Either a sticker or metal arrow attached to the housing indi- 
cates the direction of rotation. 


Accessorles 


Stationary inlet vanes or variable inlet vanes (VIV’s) that are shipped 
separately should have an arrow indicating rotation of the wheel relative 
to the vanes. 


Inlet vanes and VIV’s must be installed correctly in relation to the 
wheel rotation or fan will not perform. Other items such as coupling 
guards, belt guards, crossover or connecting linkages for VIV’s or inlet 
box dampers, etc. are tagged or marked with the fan identification num- 
ber. 


Check Foundations 


Check that foundation bolts are located as called for on the assembly 
drawing and that the fan mounting holes will mate. For high tempera- 
ture operation, provide for fan expansion in the foundation. Determine 
with a transit and mark the foundation centerline. This centerline is used 
as a reference throughout the erection period. Include the driver and de- 
termine shaft centerline height from the concrete or some other reference 
point in the foundation or a close-by fixed point. 


Set Lower Fan Housing 


Lift housing into place. If housing is split, move only the lower half 
into position. Do not lift the housing with a fork lift or car loader. When 
moving the housing, be sure to clear the foundation bolts. Lower the 
housing onto blocks so the base angles clear the foundation bolts. Next, 
align the base angle holes with the foundation bolts. Lower the housing 
carefully over the foundation bolts, taking care not to damage the 
threads. Under the housing put temporary shims appoximately as thick as 
the grout will be. Shims (about 4 in. wide) should be flat and flush with 
edges of the base angles. The weight of the unit should be carried by at 
least one shim on each side of every foundation bolt. Next, attach the 
inlet boxes to the housing. These may be bolted to the housing through a 
bar iron welded on the edge of the housing or fastened to locating clips on 
the housing side with a few bolts and then seal welded to the fan housing. 
If a special inlet box support leg is required, attach it now but do not pull 
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it down tight to its foundation. During the final alignment procedure, this 
support leg will be securely fastened. 


Set Bearing Base 


Next, put the pedestals in place, maintaining approximate correct ele- 
vation to the center of the bearing. The held-fixed bearing should be set 
level. Use flat shims under the soleplates to level. Because the pedestals, 
tops of soleplates, and bearings are machined to exact tolerances, they 
will set in position at the correct level if the foundation was prepared to 
the design drawings. Because a foundation occasionally may vary 
slightly from the fan base or may settle, some fan erectors add '/16 in. 
shims between the pedestal and bearing. These shims are added because 
dropping the level of the bearing is virtually impossible later if an error is 
found or a change in center height is required. The shims should have an 
adequate area to carry the weight of the parts and should be slotted to 
clear the bearing bolts for easy installation or removal. 


Wheel and Shaft installation 


Remove the shaft from the box with a nylon or rope sling. Do Not Lift 
by Bearing Journal Surfaces. As shaft rests in saddles in the shipping 
box, slings can be placed underneath the shaft easily while the shaft is 
still in the box. Remove the shaft preservative with solvent and coat the 
journal area with clean oil using a clean applicator. 


Note 


Do not touch the cleaned journal surface with bare hands since perspi- 
ration can cause discoloration and pitting. 

On double width wheels, clean the space between the hubs carefully 
and remove all foreign objects that could fall onto the shaft as the wheel 
is turned. Clean the bore of the wheel hubs with suitable solvent and lu- 
bricate to ease entrance of the shaft. 

Turn set screws in to check that they are long enough to hold the wheel 
to the shaft. Now, turn the set screws out so the shaft will clear. If three 
set screw holes appear in the hub, use only two—one over the key, and 
the second leading the key in the direction of rotation. Be sure to support 
the shaft for lifting with two rope slings, one near the middle to carry the 
weight with the second sling balancing the shaft. Be sure that the rotation 
arrow on the housing corresponds to the rotation arrow on the wheel and 
that the shaft thrust collars are on the drive end. For proper wheel instal- 
lation, compare blade shapes as shown in Figure 4-9 with wheel rotation. 
In the case of dual drive, the held-end bearing should be determined be- 
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fore the shaft is placed in the wheel. Place the shaft into the bore of the 
hub. After the shaft is partially into the wheel, set both ends of the shaft 
on supports, and turn the wheel to align the keyway. Alignment is simpli- 
fied if the shaft keyway is on top during alignment. When aligned, push 
wheel to correct position. Select the key marked “1” or “2” in double 
wheel and, after coating the key with white lead and oil, tap into keyway 
as marked. Tighten the wheel set screws only after wheel and shaft are in 
place on the bearing and the inlet bell adjustment has been made. 


Install inlet Bells or VIV’s 


Place the inlet bells of fixed or variable vanes over the shaft, making 
sure that the rotation arrow mark on the inlet part corresponds to the 
housing and wheel marking. Take care not to damage the journal section 
of the shaft. 


Prepare and Install Bearings 


Remove the caps from the bearings and carefully clean the bearing sur- 
faces with solvent. Apply a coating of clean oil with a clean applicator. 
Some installers pour oil over the surface so that contamination cannot 
occur. Cover immediately with a clean cloth to keep out contaminants. 
Inspect and clean the oil rings, then put the shaft seals and oil rings in a 
safe location so they will not be damaged before they are installed. 


Bearing Installation 


Depending upon the application, a variety of ball, roller, and sleeve 
bearings are used. Generalized information for each type follows: 


1. If a bearing is disassembled, mark its position in relation to each 
part to avoid reassembly errors. Do not mix parts of one bearing 
with another. 

. Determine the type of pillow block and location of fixed bearing. 

. Check all nameplates on fan for any special instructions. 

. Mount bearings in position on the shaft per specific directions that 
apply to your type of bearing. 

. Clean the shaft and remove burrs or other irregularities. Be sure the 
bearing is not to be seated on worn flat sections. 

6. After final alignment, tighten and dowel whenever possible. 


hWN 


wr 
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OUTER RING OF FLOATING 
BEARING MUST BE LOCATED 
1. 6 CENTRALLY IN HOUSING 
. —4— UPPER SECTION 
+s SHOWS BEARING FLOATING 







| -}-« OF OVERFLOW 
LOWER SECTION 


SHOWS BEARING FIXED 


Figure 4-14, Pillow block assembly. (Courtesy CB/CP Ltd.) 


Installing Fixed and Floating Pillow Blocks 


Pillow blocks are often shipped with the bearings mounted in the hous- 
ing but with the locking collars separate. To install pillow blocks of this 
type, refer to Figure 4-14 and: 


l. 
2. 


Remove end cover (2), gasket (10) plates (11) with packing (7). Be 
careful not to damage gasket and packings. 

Slide pillow block housing (1), bearing (3) and one plate (11) onto 
shaft. Position bearing on shaft making sure that the cam end of 
inner ring (5) points out. 


. To position the floating bearing in its housing, measure to deter- 


mine the length “A” of the pillow block housing. (See Figure 
4-14). Place the bearing centerline at the location A/2 so that max- 
imum movement can occur. 


. Bolt pillow blocks securely in position on their mounting surfaces 


after shimming and aligning. The outside diameter of shaft and 
housing bore should clear equally all around. Pillow blocks should 
be mounted so fan wheel and shaft do not strike any part of fan 
housing. 


. Slide locking collar (4) into position against bearing inner ring (5). 


Turn collar in direction of shaft rotation until it grips shaft and in- 
ner ring. Tighten collar with a drift pin. Tighten set screw in col- 
lar. 


. Replace gasket (10), and cover (2), packing (7) and plate (11) on 


end cover. Bolt on end cover. 
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7. Draw up screws holding plates just enough so packing rings are 
retained without undue deformation. 
8. Fill with oil in top cup (6) until overflow cup (9) is full. Fill only 
when fan is not running. 
9. Occasionally, bearings can be converted to grease lubrication per 
bearing manufacturer’s instructions. 
10. To disassemble, reverse this procedure. Be sure to remove burr on 
shaft (caused by the set screw) with a honing stone before remov- 
ing the pillow block from the shaft. 


Set Wheel and Shaft in Bearings 


Proceed to install the wheel and shaft in the bearings. Extreme caution 
must be used as the thrust collars are placed over the held (fixed) liner. 
Mishandling can damage the bearing metal beyond repair. This is diffi- 
cult for large bearings because the rotors are very bulky to move with 
only a few mils tolerance in their final position. The technique we sug- 
gest is to lower the rotor to just above the bearings and then lift the held 
(fixed) bearing liner up around the shaft. As the bearing liner is much 
lighter than the rotor, it is easier to guide into place between the thrust 
collars. Next, fasten the bearing liner to the shaft so that the liner can be 
lowered into the bearing housing. If clearance is restricted, some erectors 
assemble both bearings to the shaft completely before setting the bearings 
on the pedestals. If the bearings are completely assembled to the shaft, be 
sure that the free end bearing is secure so it does not slide off. Set rotor in 
bearings. 

Arrangement 5 and 8 fans feature an overhung wheel that causes the 
outboard bearing to be top loaded. Use a chainfall to pull the outboard 
shaft extension so that the shaft seats tightly in the bearing. Do not 
tighten the plunger screw on sleeve bearings until the shaft is seated. The 
coupling alignment should follow. 

On Arrangement | and 3 fans with a bearing on each side of the fan 
housing, a small deflection of the shaft will occur due to its own weight 
and that of the wheel. Level the drive-end bearing (held bearing), making 
sure the fan shaft passes through the center of the housing inlets. The fan 
shaft extension will then be level with the motor shaft and allow easier 
coupling or V-belt drive alignment. The outboard bearing is set at a slight 
angle due to the shaft deflection. The bearing surface must lie properly 
against the shaft especially if a sleeve bearing is used. On all direct-con- 
nected fans, the motor must be on the same horizontal centerline as the 
fan shaft, except on high temperature applications, where an adjustment 
is made for expansion. Refer to Figure 4-15. 
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For a dual drive unit, the driver that will operate longer is set perfectly 
level on the held bearing end of the shaft and the driver that will operate 
for shorter durations is placed on the free bearing end of the shaft. 


Housing Completion 


With the wheel and shaft in place in the bearings, erect the remaining 
housing sections. Place the gasketing material shipped with the unit at the 
split sections and assemble. If necessary, use a drift pin (moderately) to 
align bolt holes. No gasketing is to be used at the intersection of the inlet 
boxes and housing or at inlet cones. Gasket material is to be used at the 
split section of the housing only. If a special housing section is to be 
welded, the matching sections have bolt-through position clips that en- 
sure a correct match and hold the section until seal welding is completed. 

Both bolted and welded inlet boxes are used. For welded styles that 
cannot be shipped attached because of freight limitations, positioning 
clips on the fan housing orient the box until seal welding is completed. 


CLEARANCE BETWEEN WHEEL INLET AND INLET 
BELL TO ALLOW FOR GROWTH OF SHAFT, AT 
OPERATING TEMPERATURE 


WHEEL INLET OVERLAPS INLET BELL 


INLET BELL ADJUSTABLE 
AT INLET RING 
THRUST 
COLLARS 












LINE UP COUPLING WITH 
re DIAL INDICATOR 
COUPLING FACES 
PARALLEL 


SHAFT DEFLECTION IS EXAGGERATED TO SHOW 
INBOARD BEARING, PEDESTAL AND DRIVE 
LEVEL. SHAFT DEFLECTION IS SLIGHT AND IS 
THE SAME WHETHER FAN !S !0LE OR 
OPERATING. BEARING LINER WILL CORRECT 
MINOR MISALIGNMENT. 


Figure 4-15. Expansion adjustment for high-temperature fan application. (Courtesy CB/CP 
Ltd.) 
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inlet Bellis or VIV's 


Attach inlet bells to the housing (bolting from the outside of the hous- 
ing). Do not tighten the bolts completely. Adjust the wheels and inlet 
bells for correct alignment with one another. For included draft service, 
the wheels should overlap in the inlet bell on the drive side to allow clear- 
ance on the opposite side for shaft growth at operating temperatures. For 
each 100°F increase in temperature, a steel shaft expands .008 in. per ft 
of shaft length. For example, a 5 ft, 6 in. fan shaft operating at 570°F 
would lengthen .22 in. (Room temperature at start is 70°, so increase is 
500°. Expansion would be .008 in. < 5 X 5.5 in. or .22 in.) Thermal ex- 
pansion clearances are shown on your assembly drawing. For forced 
draft service fans, check the assembly drawing for the correct gap on 
each side. For fans which use clearance fit, standard taper, or taper lock 
collar hubs, the wheel can be moved on the shaft slightly to align the inlet 
bells. 

Proceed to pull down the foundation bolts on the housing and inlet box 
support legs. If the foundation is slightly high or low, these support legs 
can deflect the housing, making alignment of the wheel and inlet bell dif- 
ficult. Shim if necessary. Double check inlet bell location and tighten in- 
let bell bolt completely. 

Now, tighten the hub set screws. First tighten the set screw over the 
key, which should be in the six o’clock position before tightening. Next, 
tighten the set screw that leads rotation. 


Stuffing Box Installation 


Packing is usually factory-installed for fans that use stuffing boxes. 
However, stuffing boxes require the following break-in procedure: 


1. With a feeler gauge, check that the clearance between the housing 
stuffing box and fan shaft is uniform. The shaft must be centered in 
the box. 

2. Check for lubricant in the grease cup when a grease ring is sup- 
plied. Use a good grade of temperature resistant packing grease. 

3. If the stuffing box is water-cooled, connect flexible water line with 
a valve in the drain return line to regulate flow. Discharge the cool- 
ing water into an open funnel so visual inspection will show water 
flowing. Adjust water flow to conditions. 

4. Tighten the gland nuts finger tight. The packing should not be so 
tight that the shaft cannot be turned by hand. 

5. After all erection procedures have been followed, start the fan and 
run for 15 minutes. If the stuffing box gets too warm or you see 
smoke, stop the fan and loosen the gland. 
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6. If the gland cannot be loosened further, take out one row of pack- 
ing. Replace the gland, finger tightening the bolts. Run the fan for a 
few hours until you can take up on the gland. Coat the row of pack- 
ing removed earlier with light oil and then replace. 

7. Periodically inspect the stuffing box and replace packing as neces- 
sary. 


install Drive 


Install the fan before the drive because installation is easier and align- 
ment is simplified. Read the drive manufacturer’s instructions before in- 
stalling the drive. 


installing Couplings 


If the fan incorporates gear couplings and if either coupling half has 
not been mounted on its shaft, the following procedure can be used: 


1. Place coupling covers or sleeves over shaft ends. 

2. Insert keys. 

3. Install hubs on shaft with faces flush with shaft ends. If the hubs do 
not go on when tapped lightly with a soft lead hammer, expand 
them by heating not over 300°F in oil or oven. 

4. Set the motor on its magnetic center. This is marked on many mo- 
tors. The magnetic center must be known to properly adjust the 
clearance between the face of the hubs. If the driver is a sleeve- 
bearing motor, its magnetic center must be found before aligning 
the coupling to prevent the motor side of the coupling from moving 
against the fan coupling. To find the axial movement of the motor 
shaft: 


a. Run motor and mark a line on the shaft; this is the magnetic cen- 
ter. 

b. Push the shaft as far as it will go into the motor housing. Mark 
line on shaft at housing. Then pull the shaft out as far as possible 
and scribe another line. Half the distance between the two marks 
is the mechanical center. 


Notes: (1) Flexible disc couplings may be available. Install per manufac- 
turer's instructions. 

(2) Finding the magnetic center is not necessary on ball bearing 

motors as their thrust bearings prevent movement. Axially soft 

couplings must be used on dual drive units where there is ther- 
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mal expansion of the shaft. [f motor incorporates sleave bear- 
ings use a limited end float coupling to restrict movement. 


5. With motor rotor on its magnetic center, locate motor on its base 
with coupling faces at the proper axial clearance between faces of 
hubs as shown on the fan assembly sketch in Figure 4-16. 


Install Dampers and Connect Ductwork 


Attach the outlet dampers or the inlet box dampers using suitable gas- 
ket material. Use drift pins for positioning only and not to force the 
damper into place. These parts will fit as they have been completely as- 
sembled at the factory unless they have been damaged in erection or ship- 
ping. 

If an inlet box damper contro] shaft is used, it is shipped in a separate 
box with the dampers mounted and with the levers pinned in place on 
shafts. Mount the entire jack shaft and connect the individual dampers. 
See your fan assembly drawing for positioning. 

It is recommended that ductwork be supported independently of the 
fan. Imposition of heavy duct loads can result in distortion of the fan cas- 
ing and possible rubbing contact between housing and rotor. 


Variable Inlet Vane Control Mechanisms 


For single wheel units, the variable inlet vane controls mount on the 
side of the fan adjacent to the inlet unless ordered with a jack shaft and 
bearings for remote linkage. 





1/8” GAP DESIRED 


SLEEVE BEARING MOTOR NOT RUNNING 
MOTOR 








MOTOR SHIFTED 3/32” TO 
RIGHT WHEN RUNNING 
GAP NOW ONLY 1/32" 


THEREFORE MOVE MOTOR 3/32” 
TO LEFT TO GIVE DESIRED 1/8" GAP 


Figure 4-16. Determining coupling axial clearance. (Courtesy CB/CP Ltd.) 
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For double-width fans, the linkage from the vanes on each side is con- 
nected to the jack shaft that mounts on the fan housing. On double-width 
fans, if the jack shaft levers connecting each set of vanes do not line up 
with the connecting rods, the lever has been moved to protect it during 
shipment. Remove the pin from the jack shaft, slide levers back into posi- 
tion, carefully lining up the pin holes in levers, and replace the pin. At- 
tach the connecting rods from individual mechanisms. 


Expansion Ducts and Joints 


If the fan being erected is to operate at high temperatures, expansion 
joints are absolutely necessary at the fan connections. They allow for ex- 
pansion of the fan housing and connecting ductwork without distorting 
each other. Remove any shipping braces from the expansion joints before 
operating the fan and provide for fan expansion in setting the housing 
foundation. Do not use drift pins, “come-alongs,” or any other means to 
force connections of ducts, fan housings, or inlet boxes. 


Circulating Oll Lubrication Systems 


If you specified a circulating oil lubrication system, detailed drawings, 
and erection, startup, operation and maintenance instructions should be 
included in the shipping data package. 

During erection of the oil piping, be sure that the system is free from 
dirt, grit, weld spatter, or shavings. The piping system must be thor- 
oughly cleaned and flushed before connecting to the bearings. Clean the 
filters before initial start-up. 

After the selection of which pump is to be used (if a two-motor/pump 
system), the motor is turned on to activate the pump. Oil passes from the 
tank through the filter element, pump, pressure relief valve, oil cooler, 
sleeve bearings, and then by gravity back to the reservoir tank. 

The circulating oil system must be operating before the fan can be 
started. Depending on the system specified, any malfunction in the sys- 
tem, low oil pressure, high temperature, etc., may either sound an alarm 
or shut down the fan. The oil system must operate 30 minutes after the 
fan is shut off or until the heat in the bearings has dissipated to an accept- 
able level. 


Temperature Detectors 


Dial thermometers screw into a tapped hole in the housing so that the 
oil sump temperature of bearings can be measured. See Figure 4-17. 
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THERMOMETER INSERTED THERMOCOUPLE MOUNTED 
IN OIL DRAIN PLUG IN BEARING 


WATER COOLED BAG. 





THERMOMETER PROSE 
IN OIL SUMP 





Figure 4-17. Dial thermometer installation. Figure 4-18, Thermocouple Installation. 


Both thermocouples and electrical resistance detectors are mounted by 
inserting the end of a probe through a tapped hole in the pillow block that 
reaches into the liner. 

Many major blower manufacturers furnish thermocouples from sev- 
eral vendors (see Figure 4-18). If the probe does not fit easily, do not 
force it. The bearing may have been assembled to the drilled liner on the 
wrong side. Probe leads are wired at the job site to the alarm or visual 
indicator. No electrical input is needed because the bimetallic strip in the 
probe generates current to trigger the metering system. 

Electrical resistance temperature detectors do require an electrical in- 
put. Assemble and wire per the manufacturer’s instructions. 


Heat Slingers 


Assemble heat slingers by placing both halves over the shaft between 
the fan-side pillow block and fan housing or shaft seal. Bolt together. For 
fans with oil-lubricated, anti-friction, or sleeve bearings, the inlet should 
face the fan housing. The inlet should face the bearing if for grease-lubri- 
cated. Your assembly drawing should show their proper location. 

After assembling, check that the heat slinger is tight on the shaft to 
prevent it from rotating. If housing or inlet boxes are to be insulated and a 
heat slinger is to be used, see Figure 4-19. 


Insulation Clips 


When specified, insulation clips are furnished on fan housings and in- 
let boxes on 12 or 18 in. centers and the bracing drilled for insulation 
wires. Usually studs with holes drilled in the end are furnished for ease 
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Figure 4-19. Heat slinger installation. 
(Courtesy CB/CP Ltd.) 





of installation. Wire is placed through the insulation clip (the normal 
length of wire is about 24 in.) and bent together. Holes are punched in 
block-type insulation and the insulation placed over the extended wires. 
Ends of the wires are bent to hold the insulation against the fan. 

Consider future disassembly when applying insulation. Do not run 
blocks across the housing splits. In addition to preventing heat loss, insu- 
lation protects operating personnel against burns. 

When specified, insulated access doors are provided that have outside 
surfaces flush with the applied insulation. 


Startup 


Before startup, perform the checklist procedures outlined in the appli- 
cable operating and maintenance manual. Compare with other startup 
checklists given in Chapter 1 of this Volume and other applicable check- 
lists in Volume 3 of this series. 


Preventive Maintenance 


To ensure trouble-free operation and long life expectancy, a schedule of 
preventive maintenance and lubrication must be set up. Frequency of in- 
spection and lubrication depends upon operating condition and the 
amount of fan use. Daily inspections are recommended after the fan is 
first erected. Recommended periodic inspection procedures are listed in 
Table 4-1. 


Fan Balancing 


All heavy duty fans and blower wheels are balanced both statically and 
dynamically at the factory (Figure 4-20). A very elementary method of 
checking rotor balance is shown in Figure 4-20. If the wheels have not 
been damaged or repaired, no additional balancing should be required. 
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Table 4-1 


Fan Preventive Maintenance 


Fan Component 
Air Flow 


Check For 


Obstructions, dirt, rags, etc. in inlet or outlet duct 


Housings, wheel and shaft 


Circulating oil lubricant 
systems 


Alignment of fan bearings, 
flexible couplings, wheel and 
inlet bells 


V-belt drives 


Dampers and VIV's 


Surface Coatings 


work. Bird and protective screens and louvres 
must be cleaned. 


All bolts tight? Wheel clean? Dirt can unbalance a 
wheel. Cover bearings tightly with plastic film and 
clean with steam, water jet, compressed air or 
wire brush. 


Cracks in wheel? Fan must be put out of service 
until proper repairs are made. 


Badly worn wheel blades, wear strips or blade 
liners? In most cases, eroded areas can be repaired 
by welding. Contact fan manufacturer for the 
correct weld procedure for your wheel. Be sure to 
electrically ground the wheel before welding to 
avoid damaging the bearings. Be careful not to 
contaminate welds from wheel coatings or 
protective overlays. Repair all structural welds 
with rod that meets original specifications. Grind 
and repair all cracks. 

Caution 


After welding, balance should be checked. If it is 
necessary to disassemble the wheel hub from the 
shaft, see applicable section in operating manual. 


Filter clean? Reservoir level adequate? 


Check alignment of fan bearings, flexible 
couplings, wheel and inlet bells regularly. 
Misalignment causes bearing or motor overheating, 
wear to bearing dust seals, bearing failure and 
unbalance. 


Check belt wear, alignment of sheaves and belt 
tension. Replace belts with a complete set of 
matched belts, as new belts will not work properly 
with used belts because of length differences. Belts 
must be free of grease. 


All linkage connections tight? Check all automatic 
dampers for freedom of movement. Blades should 
close tightly in closed position. Make adjustments 
as required. Observe operating motors and controls 
through a cycle. Clean dampers and VIV’s and 
inspect for corrosion and erosion. 


Surface coatings or paints in good condition? 
Repainting of exterior and interior parts of fans 
and ducts extend the service life. Select paints to 
withstand operating temperatures. For normal 


Fan Component 


Scroll and Housing Liners 


Bearings 


Flexible Couplings 


Motors 
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Table 4-1. Continued 


Check For 


temperature, a good machinery paint may be used. 
If moisture is excessive, or if fans are exposed to 
the weather, bitumastic paints are available. 
Corrosive fumes require all internal parts to be 
wire brushed, scraped clean and repainted with an 
acid-resistant paint. Seek competent advice when 
corrosive fumes are present. 


Worn? Replace because damaged liners can break 
free and severely damage the wheel. Liners are 
either bolted or welded to the housing. 


Excessive temperature or chatter? High-speed fan 
bearings are designed to run hot (100°F to 200°F). 
Do not replace a bearing simply because it feels 
hot. Check the pillow block temperature with a 
pyrometer or contact thermometer. Ball or roller 
bearing pillow blocks that are operating normally 
can have surface temperatures of 200°F. 
Ring-oiled sleeve bearings operate up to 170°F (oil 
film temperature) before the cause of high 
temperature need be investigated. For water-cooled 
bearings, check that exit cooling water temperature 
is about 100°F (unless your system is designed for 
higher water temperature). If the water 
temperature is too cool, condensation in the oil is 
a possibility. If roller or ball bearings are to be 
removed, follow the procedure in applicable 
section of operating manual. 


Lubricate all metal couplings (Falk Steelflex, Fast 
gear and similar types). Other types of flexible 
couplings such as the Thomas disc, and rubber 
insert styles such as T. B. Wood and Poole, do not 
need lubrication but must be inspected for pin and 
bushing wear. 


Blow out open motor windings with low-pressure 
air to remove dust or dirt. Air pressures above 50 
psi can cause insulation damage and blow dirt 
under loosened tape. Dust can cause excessive 
insulation temperatures. Check load motor against 
amperage rating on manufacturer's nameplate. 
Keep motors dry. Lubricate. When motors are idle 
for a long time, single-phase heating or small 
space heaters might be necessary to prevent water 
condensation in the windings. Excessive starting of 
large motors may burn out the motor. Consult the 
manufacturer for maximum allowable number of 
Starts per hour. 


Figure 4-20. Chalking fan shaft to deter- 
mine balance. 





Before balancing a wheel for any reason, check the troubleshooting pro- 
cedures in the operating and maintenance manual and also in Volume 2 of 
this series. 

Portable instruments are available that indicate vibration displacement 
in mils (1 mil = .001 in.) or microns in metric system (1 micron = 
1 x 10° mm). Use the manufacturer’s manual or generalized data from 
Volume 2 to determine when a fan is operating with too much vibration. 
Table 4-2. illustrates vibration guidelines as a function of fan speed. Note 
that vibration velocities give constant parameter independent of shaft 
speed, whereas allowable displacements vary with speed. 

Wheels can be balanced by using methods described in Volume 3 of 
this series. 


Wheel Hub Disassembly 


Depending upon the application for which the fan is intended and the 
operating speed and temperature, major blower manufacturers employ at 
least six different methods of hub-shaft attachment. 

If the fan wheel must be disassembled from the shaft for service, obtain 
information on the type of hub-to-shaft fit and proceed as follows: 


1. Standard Clearance Slip Fit—Used for most moderate applications. 
Wheel and shaft are fitted together in the factory, but shipped apart 
for field assembly unless otherwise specified. Set screws hold the 
hub to the shaft. 

2. Close Tolerance Fit— While not an interference fit, this design re- 
quires assembly at the factory because the very tight clearance be- 
tween bore and shaft requires hydraulic jacks for mounting. To ease 
assembly, the hub bore and shaft have stepped diameters with the 
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large diameter usually on the drive side. (See on assembly draw- 
ing.) If disassembly is required, observe special procedures avail- 
able from the manufacturer to prevent damage to the mating sur- 
faces. 

3. Standard Taper—Fans with overhung wheels (Arrangements 5 
through 8) often are equipped with a tapered bore which fits into a 
matching taper of the shaft. Disassembly and assembly in the field 
is practical, but before assembly a very thin coat of antiseize com- 
pound must be evenly applied to the bore to prevent galling. 

4. Taper Lock Collar—Disassembly and assembly of these collars in 
the field is easy. Torquing and lubrication instructions for reassem- 
bly should be found on a separate drawing furnished by the manu- 
facturer of taper lock collars. 

5. Shrink Fit—Wheel/shaft assemblies are shipped as one unit. Sepa- 
ration is not usually possible, but could be accomplished with the 
help of the manufacturer. 

6. Rapid Temperature Change Assembly—This design is always as- 
sembled at the factory. No field work should be done without con- 
tacting the original manufacturer. 


Cleaning Fan Bearings 


1. When roller or ball bearings are disassembled for service, the fol- 
lowing procedure is recommended: Remove bearing races from 





Table 4-2 
Allowable Vibration at Fan Operating Frequency 
(Courtesy CB/CP Ltd.) 


INITIAL OPERATION ALARM SHUT DOWN OR STOP 

RPM DISPL. VEL. DISPL. VEL. DISPL. VEL. 

(MILS) (IPS) (MILS) (IPS) (MILS) (IPS) 
P-P PK P-P PK P-P PK 
3600 0.5 1 1.6 3 2. 45 
1600 1.1 1 3.2 3 4.8 “45 
1200 1.6 A 4.8 3 7.2 “45 
900 2.1 A 6.4 3 9.4 45 
720 2.7 rs 8.0 3 12.0 45 
600 3.2 1 9.5 3 14.3 45 


NOTES: 

1) DISPLACEMENT IS A MEASURED VALUE WITH THE PROSE OR PICKUP 
(SEISMIC TYPE} POSITIONED FIRMLY AGAINST THE FAN BEARING HOUSING 
N THE DESIRED PLANE OF MEASUREMENT. DISPLACEMENT IE A PEAK-TO- 
PEAK (FULL WAVE) VALUE. 

2) INITLAL OPERATION VALUES ARE THE EXPECTED VALUES FOR CLEAN, 
WELL-MAINTAINED AND BALANCED FANG OPERATING AT STEADY STATE 
CONDITIONS AFTER THE TRANSIENT CONDITIONG GF START UP, E.G. AC- 
CELERATION, TEMPERATURE CHANGES, ET C_ HAVE PASSED. THE VALUES 
(FOR MEASUREMENT OF EQUIPMENT UNBALANCE) MUST BE TAKEN FOR 
THE EXACT FAN OPERATING FREQUENCY FILTERING OUT EXTRANEOUS 
VALUES THAT CAN BE MEASURED FOR DIFFERENT FREQUENCIES. FHESE 
VALUES MAY NOT BE OBTAINED ON NEW, INITLAL INSTALLATIONS OUE TO 


| FELD CONDITIONS BEYOND THE CONTROL OF CB/CP LTD. 


3) OPERATION OF ANY FAN ABOVE ALARM LEVELS FOR A PROLONGED 
PERIOD OF TIME OR OPERATION ABOVE SHUT DOWN FOR ANY PERIOD OF 
TIME, MAY CAUSE EQUIPSENT FAILURE AND EXTENSIVE DAMAGE, AS WELL 
AG ENDANGERMENT TO PERSONNEL. A CORRECTIVE MEASURE WOULD BE 
TO RETAIN AN AUTHORIZED Ca/CP LTO. SERVICE REPRESENTATIVE (AT 
SERVICES RATES IN EFFECT AT TIME OF VISIT) TO INSPECT THE INGTAL- 
LATION, SUGGEGT CORRECTIVE MEASURES AS NECESSARY AND BALANCE 
THE FAN IF REQUIRED. EFFORT SHOULD BE MADE TO MAINTAIN VIBRATION 
LEVELS AS CLOSE TO THE INITIAL OPERATION VIBRATION LEVELS AS 
POSSIGLE. THIS WILt MELP TO ASSUME Orman EQUIPMENT LIPE 
EXPECTANCY. 

4) CBYCP LTD. CANNOT CONTROL INSTALLATION VARIABLES, SUCH AS 
(BUT NOT LIMITED TO) FOUNDATION AND MOUNTING PROVISIONS. HOW- 
EVER, CB/CP LTD. GUARAKTEES THE FAN ROTOR RESIDUAL UNBALANCE 
WILL NOT EXCEED QUALITY GRADE G83 OF ANB S219. 
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STD. STUFFING BOX 


FAN @LAND 
SHAFT @LAND NUTS 





Figure 4-21. Repacking fan stuffing boxes. (Courtesy CB/CP Ltd.) 


shafts, place in a suitable container with a clean petroleum solvent 
or kerosene and soak. Slowly and carefully rotate each bearing by 
hand to help dislodge any dirt particles. 


. Remove all old grease and oil from the housing and clean the hous- 


ing with white kerosene or other suitable solvent. Carefully wipe all 
parts dry with a clean cloth to prevent dilution of the new lubricant 
by solvent. 


. When bearing grease is badly oxidized, soak in light oil (SAE 10 


motor oil) at 200-240°F before cleaning as discussed in the prior 
steps. Flush the clean bearing in light oil to remove any solvent. 
Reassemble and add lubricant to the proper level. 


Repacking Stuffing Boxes 


l. 


Clean out all old packing including that below the lantern ring. 
Flexible hooks are available for packing removal. See Figure 4-21 
for typical stuffing box details. 


. Remove any nicks or score marks found on the shaft with emery 


cloth. 


. Clean the stuffing box housing, and the channels and holes of the 


lantern ring. 


. Cut new packing rings to length so that the ends meet but do not 


overlap. 


. Immerse the entire ring in oil before installing. Start by installing 


one end of the ring and bring it around the shaft until it is com- 
pletely inserted in the stuffing box. 


9. 


10. 
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. Use a split bushing to push the packing to the bottom of the box. 


Seat the ring firmly by replacing the gland and taking up on the 
bushing. Seat this bottom ring hard, because this first ring does 
most of the sealing. 


. Repeat with each packing ring, making sure to stagger the joints 


90° apart. 


. If a lantern ring is used, position it properly under the grease or 


purge hole(s) in the box. 

After the last ring is installed, position the gland and finger tighten 
the bolts. 

Break the packing in (refer to Volume 3 of this series). 


Checking Varlable Inlet Vane Position 


Variable inlet vanes (VIV’s) are usually factory set to the maximum 


vane 


opening of approximately 75° (see Figure 4-22) except for heavy 


duty industrial airfoil design, which generally open a full 90°. Changing 
the factory-installed stops can result in under-design conditions or in the 
vanes ramming one another. To check the maximum open position: 


l. 


2. 
3. 


Loosen the wing nut that locks the control lever to the quadrant and 
open variable inlet vane as far as possible. 

Lay a straightedge or long bar across the inlet. 

At right angles to this bar, extend another straightedge across the 
flat of one of the vanes. 


. Measure the angle between the straightedge and the fan shaft cen- 


terline. 


. Our sketch shows a counter-clockwise rotating fan. For a clockwise 


fan, the 15° will be to the left of the centerline instead of the right. 


. Maximum open angle of the vanes must be 75° or as specified by 


the manufacturer. 
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Figure 4-22. Variable inlet vane angle setting. (Courtesy CB/CP Ltd.) 


Chapter 5 


Reciprocating Gas Engines and 
Compressors* 


Introduction 


The degree to which engines and compressors are maintained today 
varies from a “wait until destruction” type of negative thinking to a 
“complete” but extravagant program. The former extreme has always 
existed but, of course, has never been justified; the latter extreme is 
costly but it has some strong points in its favor. The ideal preventive 
maintenance procedures, however, should be economical but give the 
equipment good coverage, and the purpose of this section is to describe 
such procedures. 

Regardless of past thinking, modern economic practices are squeezing 
the appropriations for maintenance. The drive for better profit margins 
forces managers to cut costs everywhere, and in certain highly competi- 
tive industries, drastic cuts in maintenance budgets require a streamlined, 
but still effective, maintenance program. 

The maintenance tips or pointers that have been used for years are ba- 
sic and all could be used today, but in order to cope with the modern 
economic trend we will deal with the ones that best apply to modern 
equipment. It should be remembered that any maintenance program will 
not fit two or more installations exactly, placing the burden of forming a 
specific program on the operators. Therefore, we will discuss preventive 
maintenance (PM) procedures in general terms, explaining why each 
point is essential and how it may or may not apply to a large or small 
reciprocating machine. The various arrangements of compressors should 
be familiar to all, but the terminology may differ. 


* By permission of Cooper Energy Services, Mt. Vernon, Ohio 43050 
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Figure 5.1. Integral gas engine compressor. 


Figure 5-1 is a photograph of an internal gas engine compressor. Fig- 
ure 5-2 illustrates a unit with compressor cylinders connected to a frame. 
An electric motor drives the crankshaft in the frame. This is known as a 
“motor-driven” unit. The driver could also be a turbine or an engine. 
Regardless of the arrangement, the maintenance of any unit can best be 
considered by dealing with the compressor and the power units sepa- 
rately. Since compressors generally require more maintenance than en- 
gines, we will discuss compressors first. 


Compressor Cylinder Maintenance 


The following malfunctions can occur in a compressor cylinder regard- 
less of the gas pumped and whether or not it is double or single-acting, 
large or small in diameter or used as one of the stages of a multi-stage 
unit: 


@ Exceeding allowable rod load. 
e Accelerated wear and scuffing. 
- Piston to liner. 
- Piston rings. 
- Piston rod and packing. 
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Figure 5-2. Reciprocating compressor connected to electric motor. 


® Valve breakage. 
® Knocks, noises and vibration. 


Exceeding assigned rod load. It is essential that operators and mechanics 
understand rod toads before they attempt to start a compressor. Most ma- 
jor casualties, such as broken rods, damaged crossheads, pin bushings 
and frame failures, are caused by exceeding the maximum rod load. The 
frightening aspect of this is that the wreck can happen within just a few 
revolutions after the infraction. By way of explanation, let us consider a 
double-acting cylinder. As the piston pumps toward the head end (Figure 
5-3) the discharge pressure force (P,) on the pistons tends to compress or 
buckle the piston rod. At the same time, gas is entering the cylinder 
behind the piston, putting a suction pressure force (P,) on the back side of 


HEAD END —— 





#-CROSSHEAD 


Figure 5-3. Reciprocating compressor piston-rod-crosshead system in compression. 
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—=CRANK END 





Figure 5-4. Reciprocating compressor piston-rod-crosshead (in tension). 


the piston. The two forces are opposite in direction, but since the dis- 
charge pressure is larger, the net push tends to compress the rod. This is 
called “rod load compression.” It is basic that as the suction pressure is 
decreased or the discharge increased, the net compression on the rod in- 
creases. Therefore, if the operator, at start-up, shut-down or during oper- 
ation, lets the suction or discharge pressures deviate too far from design 
conditions, the maximum permissible compressive load may be ex- 
ceeded. As the piston discharges toward the crank end on the return 
stroke (Figure 5-4), the net force of the suction and discharge pressures 
results in a tension load on the rod. This is known as “rod load tension,” and 
the operator can damage the machine by decreasing the suction or increasing 
the discharge pressure too far above the design pressure. 

Although the tension and compressive forces are absorbed by the rod, 
other parts such as head bolts, piston, connecting rod and bolts, cross- 
head and shoes, bushings, bearings, etc., are likewise stressed. In other 
words, the most highly stressed part determines the rod load assigned by 
the compressor builder. This value is different for each compressor 
model. 

Rod loads can be calculated by simple arithmetic, but in operation suction 
and discharge, pressure can change so fast that the operator does not have 
time to calculate. There is, however, a safe and simple way to stay away 
from rod loads, by using a graph similar to Figure 5-5A. 

In this example, the cylinder involved is 34 in. in diameter and has a 
design suction of 32 psig and a discharge pressure of 145 psig. The maxi- 
mum rod load assigned by the compressor builder is 125,000 lbs in com- 
pression and 115,000 lbs in tension. If the operator reads the actual suc- 
tion and discharge pressures on the cylinder as 32 and 145 psig, 
respectively, these readings, when projected on the graph, locate point 
“A.” Since this point is below the line, the machine is safe. 

If conditions change to a suction of 25 psig and discharge of 158 psig, 
those readings define point “B,” which is above the line and indicates 
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danger. Information for preparing a graph for any cylinder is given in 
Figure 5-5B. It is recommended that such a graph be made for every cyl- 
inder of a compressor. In many cases it will be found that the slope of the 
line will not be drastic, which means that the suction pressure can be re- 
duced or discharge pressure increased to extremes before getting into 
trouble. In those cases, the graph can possibly be disposed of but the ef- 
fort will still be worthwhile if for no other reason than to be confident 
that the cylinder will not be critically sensitive to rod loads and pressure 
changes. 

Once the operator understands and respects rod loads, it is a simple 
matter to check critical cylinders by use of a graph. He should check his 
starting and shutdown procedures to make sure that pressures do not ex- 
ceed the limits during these operations. 

Loading and unloading cylinders of multi-stage units changes inter- 
stage pressures, and if the operator deviates from the established se- 
quence of unloading, or if he is given the incorrect information, the rod 
load may be exceeded in changing steps. Therefore, each time the capac- 
ity is changed by loading or unloading, the operator should check the 
graph on those cylinders that have been sized close to the assigned rod 
load. 

Attention to rod loads can be summarized by these rules: 


1. Never exceed the value of design discharge pressure stamped on the 
cylinder nameplate unless checked. 

2. Don’t let suction pressure fall below the design value stamped on 
the cylinder nameplate. 

3. The maximum pressure figure stamped on the cylinder nameplate is 
the maximum working pressure as customarily assigned to pressure 
vessels. Staying below it does not guarantee safe rod load. 





Figure 5-5A. Road load diagram. 
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Method of preparing compressor cylinder rod-load check graph such 
as Figure 5-5A for any compressor cylinder. 


P, = =ICRL + P(A — a)] 


Where: 

A = cylinder area, 

a = rod area, 

CRL = compression rod load assigned to unit, 
P,; = suction pressure (psig), 

P, = discharge pressure (psig). 


Compression Rod Load. Known data for cylinder covered by 
Figure 6-5A: 


Cyl. Dia. = 34 in. 

Compressor Rod Dia. = 4 in. 

CRL = 125,000 lbs 

Choose any suction pressure (say 10 psig) and solve for P): 


1 
p, = —/_1125,000 + 10(907.9 — 12.56)] = 147.5 psi. 
>= oo79! ( | Ps! 


The P, of 10 psi and P, of 147.5 psi will locate one point on a 
graph. 

Choose another suction pressure higher than design, say, 40 
psig, and substitute in above formula, P, then is 177 psi. The P, 
of 40 psi and P, of 177 psi established a second point for the com- 
pression-rod load line. 


Tension Rod Load. The formula for tension rod load is 


P, = —! pre + P+ A] 
A-a 


Known data are same as compression rod load except the as- 
signed tension rod load, TRL, is 115,000. To determine load line 
for it, substitute P, of 10 psi. P, would be 138.5 psi, which would 
give one point. 

Next choose a P, of 40 psig. For above formula, P, would be 
169 psi. Insert this point on the graph and draw the tension rod 
load line. Since the compresson rod load line is above the tension 
rod line it should be disregarded. Use the graph as described in 
the text. 


Figure 5-5B. Example of rod load calculation. 
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4. In multi-stage machines, check the load chart before operating 
valve lifters or unloading pockets. 

5. Never bypass gas between stages unless the equipment is designed 
to operate that way. 

6. When a relief valve blows, shut down and determine the cause. 

7. Don’t start a unit against discharge pressure. 


Accelerated wear or scuffing. Normal wear of pistons, rings, liners, 
packing and rods is not a significant problem. Generally, the normal life 
of those parts is long and satisfactory. Furthermore, this type of wear is 
gradual and can be observed or detected by progressive fall-off of capac- 
ity. Accelerated wear, scuffing and sudden seizures, however, amount to 
a major portion of over-all compressor expense because they come dur- 
ing peak periods and when least expected. Yet these failures are for the 
most part avoidable because there is a precise way of spotting them, even 
while the machine is running. 

The key to the check is the vent line (3) in Figure 5-6. Figure 5-6 is a 
section through a typical pressure packing compartment. The oil supply 
line (1) enters the compartment and connects to the packing flange (2). 
Oil is directed from the flange to the front end of the packing. The vent 
for the packing comes out of the bottom of the flange and is piped to the 
outside by the vent line (3), to the end of which a valve (4) is attached. 

On low-pressure cylinders very little, if any, vapor will come out the 
vent when the packing is sealing, but a good portion of the oil that is 
being fed to the packing will drop out of the valve (4). 

On high-pressure packing, there will be some vapor even if the packing 
is sealing. The vapor will have a higher velocity and will contain an oil 
mist. 

It is very important that the amount and velocity of vapor emitted from 
the line be observed while the packing is in good condition. The color of 


Figure 5-6. Section through reciprocating 
compressor pressure packing compartment. 
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the oil mist or drops of oil should be inspected. This can be done by col- 
lecting it on the tip of the finger. If the color is similar to that of new oil, 
the operator can be sure that the parts inside the cylinder are in satisfac- 
tory condition. A darkened oil, however, should be further scrutinized 
by holding the finger up to the light to check for metal particles, which 
will glisten like crystals. If any bronze, cast iron, or steel parts are start- 
ing to wear, the metal particles or dust will almost immediately darken 
the oil coming out of the vent. Consequently, this line should be checked 
immediately after start-up of a new installation, after overhaul, and twice 
daily during operation. If discoloration is noticed, it is an indication of 
distress, and the compressor should be shut down. 

A vast amount of information for evaluating the condition of the cylin- 
der can be obtained simply by removing a top compressor valve from the 
head and spotting the piston toward the crank end. The liner can then be 
seen. The surface of a healthy liner will be bright, and at first glance the 
observer may be convinced that the liner is too dry or has insufficient 
lube oil. Rubbing a finger across the surface will hardly wet the skin with 
oil. The only way the film can be positively checked is by wiping a facial 
tissue across the liner (the tissue will be stained with new oil). This is all 
the film needed to keep the two rubbing surfaces apart. 

There are two vital spots in a compressor cylinder that require an oil 
film and one is between the piston and the liner. In cases where the piston 
is supported by a wear band, the film is maintained between the wear 
band and the liner. The first sign of distress between the piston and liner 
shows up in the bottom as a narrow score mark the length of the liner. A 
facial tissue wiped on either side of the score mark and held toward the 
light will substantiate the presence of darkened oil and small particles of 
metal dust or cuttings. The cuttings are a result of oil film breakdown and 
they discolor the oil. Contrary to widespread opinion, the discolored oil 
and cuttings from the liner and piston find their way through the packing 
and out the vent. 

The significant point to remember about darkened oil appearing at the 
packing vent is that it happens in a matter of minutes after the scuffing 
starts. If the indication is not spotted or used as a PM check, the rubbing 
contact between piston and liner will make the narrow score mark pro- 
gressively wider until the liner and piston are badly scored over a 180° 
arc. By that time, the piston may start to knock, dictating a shutdown, but 
then the piston, liner, and rings are such a blackened mess that the cause 
of failure cannot be determined. If the packing vent is used as a PM pro- 
cedure, however, the scuffing will not only be observed before the fail- 
ure, but it may be possible to find the cause of scuffing. 

For example, excessive liquid in the gas will initiate scuffing because it 
dilutes the thin supporting oil film. Sometimes the liquids drop out within 
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the cylinder and escape the attention of the operator. In addition, liquid 
being carried in the pipe to the cylinder is difficult to detect by checking 
blow-downs, but is likely to be spotted after the unit is shut down. The 
liner can now be observed through a valve port. Although the liquid may 
not be noticed at first, as the diluted oil drains down the sides of the liner 
and leaves a small stream of liquid and oil] in the bottom of the liner. An 
inspection of this sort is very likely to disclose small amounts of harmful 
liquid. In cases of large quantities, detection is easy, because the cylinder 
may knock and, if allowed to continue, the heads or pistons may crack. 
The liquid also will come out the packing vent and may spit out between 
the rod and flange of the packing. 

The other vital spot that requires a lubricating oil film is between the 
face of the piston rings and the liner. As in the case of the piston-to-liner 
interface, any scuffing of the rings will discolor the oil coming out the 
packing vent. This problem can be differentiated from that of the piston- 
to-liner interface because the valve-port inspection will show the liner to 
be marked or scuffed over the entire 360° contour, even in the early 
stages of failure. 

The value of using the packing vent as a PM check is that it catches the 
scuffing in the initial stages. Generally speaking, once two mating sur- 
faces start to scuff, they never heal, even if the oil film is reestablished, 
and the scuffing will continue to destruction. But if detected early, it may 
be stopped merely by wiping the discolored oil from the cylinder and 
spot-honing the scuffed area of the liner. The unit then can be put back on 
the line and the vent carefully watched. It will not take too long for the 
discolored oil left in the vent piping to be purged. If the cause has been 
corrected the oil will clear up; if not, it will be necessary to remove the 
piston from the cylinder and do a thorough job of cleaning and honing the 
liner. 

Piston distress always occurs at the bottom of the piston. Therefore, 
the piston can be smoothed and rotated. Piston rings likewise can be 
saved, but their edges should be carefully checked—a small chamfer, or 
radius, was machined on these edges at the time of manufacture, but 
wear may have made the edges sharp. A metallic ring with a sharp face 
will start cutting and wearing and will progress. The sharp edges should 
be broken with a three-cornered scraper. Another critical area for scuf- 
fing is between the packing rings and piston rod. As mentioned before, 
the amount of vapor coming from the packing vent depends upon the ra- 
tio and pressure of the cylinder. Of course, excessive blowing is an indi- 
cation the rings are not seating. Packing problems are common at the 
start-up of new installations and after overhauls. Dirt and liquid are the 
reason for problems at start-up, and, on rare occasions, there has been an 
improper choice of packing materials and design. Generally, packing 
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maintenance falls into the routine category. For that reason, comment 
will be divided between the two different phases. 


Packing Maintenance 


At start-up or after overhaul, one inspection cover (if provided) should 
be removed from the compartment between the crosshead guide and the 
compressor cylinder. If this compartment is filled with vapors from the 
pressure packing, there should be concern, because the rod and packing 
are hot and some action will have to be taken. This is a point over which 
there is considerable controversy: one school of thought holds that the 
packing oil feed rate should be increased to its maximum, contending that 
the added oil both cools and seals; the opposing view is to momentarily 
cut off the oil supply, on the assumption that the packing will thus seat 
faster. We, however, agree with neither extreme—the added oil inside the 
packing is not enough to cool; and if dirt was the cause of trouble or if the 
material has started to cut, the extra oil will make a slurry of carbon and 
sludge in the cups. We have never eliminated the problem by increasing 
the amount of oil, but have had some success in reducing the feed rate to 
what it should have been in the first place. However, anything that can be 
done to cool the rod—by pouring oil, directing an air stream or even wa- 
ter on it as it comes out the packing—might hold the temperature level 
down long enough for the materials to seat. Where it is possible to reduce 
the speed of the unit or decrease pressure until seating starts, this will 
help too. 

These are only temporary measures, and if the vapors increase the unit 
should be shut down and the entire assembly checked, cleaned, and per- 
haps lapped. This vigilance is vital, because the rod is bound to score, 
and not only are new rods expensive, but delivery on them sometimes is 
not very prompt. 

During the period of heavy vapors and the state of confusion on go or 
no-go, any scuffing or roughness of the rod can be felt while the machine 
is running. Naturally, there will be marks or streaks on the rod, but if it is 
smooth, hold off shutting down. If scuffing starts, shut down immedi- 
ately. 

Once it has been established that there are no vapors in the packing 
compartment, the inspection cover can be replaced, but the packing vent 
line should be watched. Any increase in vapor will indicate packing scuf- 
fing. As mentioned before, the color of the oil from the vent will be an 
indication of the liner and piston condition. If the vent packing oil begins 
to darken and a check on the liner is satisfactory, then the scuffing is orig- 
inating in the packing. In multi-stage air machines, there is water fallout 
after the second stage. Separators are installed before the suction of those 
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Stages, but it is difficult for the designer to be sure they are always per- 
forming as guaranteed. An inefficient separator will allow water to get 
into the cylinder and break down the oil film. However, before any dam- 
age is done, the water will emulsify the oil in the packing vent line and 
form a yellow emulsion. It is customary to run a test on separators in 
every new installation, but this is not necessary if the packing vent is ob- 
served as an indication. If emulsion is found at the packing vent of air 
machines, or if liquid is found there in the case of other gases, the effects 
of the inefficient separator can be temporarily nullified by slightly open- 
ing the blow-down line of the cylinder suction drum. The pipe nozzle 
extends up into the drum, and since the drum will act as a separator, the 
liquid can be drained off before it reaches the top of the nozzle. 

If it appears that we have deviated from the immediate subject of pack- 
ing maintenance at start-up or post-overhaul, it should be stressed that 
water and liquids will also seriously affect packing. Once packing seats 
and does not blowby, trouble-free service and long life can be expected. 

Its expected life depends, of course, on the pressure ratio, the type of 
gas being pumped and the amount of dirt or liquids in the gas. The liner 
and piston will tolerate and pass small amounts of dirt, but each day a 
portion of the dirt will lodge in the packing cups. All of it does not get 
flushed out by the oil, and the remaining portion continues to build up. 
Generally, this build-up and fouling is the first thing that happens to 
packing in the long run; however, by using the packing vent as a PM 
measure, the exact time of trouble can be determined. 

We have placed a great deal of emphasis here on checking the color of 
packing vent oil for PM. At some installations, however, crankcase oil 
from the power end is used to fill the compressor lubricators. This prac- 
tice is followed for certain reasons and has merit, but this oi] naturally is 
already darkened. However, a drop from the vent line can be placed on 
facial tissue, and if any metallic particles are present the oil will filter 
away and leave the particles. 

Nonmetallic materials and modern design have made nonlubricated 
cylinders commercially sound. As a consequence, the packing vent will 
not be available as a PM indicator, and cylinders in this category do not 
have any good signs or indications that can be used to determine their 
condition or causes of trouble while they are running. 

It is true that noises, increase in discharge temperature, fall-off of ca- 
pacity and changes in interstage pressures will direct attention to trouble 
and will red-flag serious smash ups, but they will not save the materials 
involved. Excessive packing compartment vapor and discolored com- 
pressor rods will be a good check on packing, but for absolute protection 
of liners and pistons, a valve assembly will have to be removed for visual 
inspection at specified periods. 
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Brightness of the liners is a healthy sign. Any distress to the rings and 
wear bands will make dark streaks on the liner. There are two very im- 
portant measurements that can be taken through the valve ports that will 
give exact information for detecting wear of liners and wear bands. The 
wear band is always larger in diameter than the piston, which means 
there will be a space between the liner and the piston. When the piston is 
installed, that space should be measured with feelers and then rechecked 
after a specified number of hours of operation. 

Following start-up or overhaul, the first inspection should take place 
after no more than 48 hours of operation. 

Subsequent periods of inspection will differ for each installation. Rota- 
tion of the piston will be necessary if the feeler clearance decreases. The 
liner diameter can be measured through the valve port. This measure- 
ment will check not only for wear but for out-of-roundness from distor- 
tion, which would indicate that the liner has been hot. 


Valve Breakage 


Valve failures have created much ill will toward reciprocating com- 
pressors. Excessive breakage, especially at start-up, has left a bad im- 
pression in the minds of many responsible people. Installation dirt, liq- 
uid, and off-design temperatures and pressures necessary to get started 
are largely responsible for failures that many times are mistakenly ana- 
lyzed as incorrect materials, misapplication, corrosion, and incorrect de- 
sign. On failures subsequent to start-up, the same reasons are given. This 
thinking sometimes creates unnecessary change of design, materials and 
sometimes a switch in suppliers. The point here is not to repudiate these 
Statements, because in some cases a change is required. Furthermore, 
new ideas are healthy for the industry, provided they do not detour from 
the very issues that are giving trouble. However, if proper practices and 
basic principles are not recognized and observed, true progress on new 
ideas will be blocked. 

The proper practices and basic principles can be described by follow- 
ing the sequence of events for start-up operation of a new installation. 

An increase in the normal] discharge temperature of the gas is a sure 
sign of poor valve condition. Although there are others, e.g., noise and 
reduction of capacity, discharge temperature is a very adequate indicator. 
Generally, the start-up crews watch it very carefully and shut down for 
repairs when it becomes too high. On the other hand, there are some who 
put off replacing hot valves. They justify this by stating that the process 
cannot be disturbed or they do not have time and it can wait. In addition 
to direct damage to the valve assembly, a faulty valve can score compres- 
sor rods and cause packing failure. This is especially true if the defective 
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valve is in the crank or frame end of the cylinder. The leaky valve seems 
to have a torch effect on the rod and packing. A faulty valve in either end 
of the cylinder can scuff the piston and liner and actually cause a serious 
piston seizure and possible subsequent crankcase explosion. The length 
of time a hot valve can be operated without damage cannot be established 
for all installations. Furthermore, the period of time cannot be set by as- 
signing a limit to the discharge temperature. This all depends on the size, 
class, and design of the cylinder, the gas being pumped, and the pressure 
ratios involved. In addition to installation dirt, another common occur- 
rence is trouble with the cap gasket (Item 11, Figure 5-7). Where corrosive 
gas is involved, a poor choice of gasket material has caused trouble. Also, 
regardless of material, this gasket is sometimes incorrectly installed. It is 
also common for some people to use the old gasket after overhaul. Regard- 
less of what made the gasket defective, one of the very serious consequences 
of leakage at that point is that the operator often further tightens the cap nuts 
(Item 10, Figure 5-7). When the leak continues, the tendency is to put an 
extension on the wrench and further tighten the nuts. The result is a distorted 
valve seat (illustrated in the exploded view to the left in Figure 5-7). This 
distortion is also characteristic of a valve installed in a cocked position. A 
valve plate cannot conform to a distorted seat without fatigue and breakage. 
These examples are a few known reasons for valve failures but, con- 
tinuing the description of proper practices, we can now address the topic 
of removing valves for repair. Most plates are steel, and the seats and 
guards (Items 2 and 4, Figure 5-7) are either steel or cast iron and, in 
almost every case, the seat or the guard or both are marked with a notice- 
able dent caused by breakage of the metal plate. At this point, there are 
three different approaches to restoration of the valve assembly. One is to 
put in a new plate (Item 3, Figure 5-7) and leave the guard and seat as is. 
In another, when the operator understands that a plate cannot seat on a 
damaged seat without fatigue and breakage, he machines or laps it. What 
most people fail to realize is that the impact of the plate on the guard 
upon opening is as severe as the action of the plate returning to the seat. 
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Figure 5-7. Reciprocating compressor valve. 
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Therefore, it is just as important to repair and square the guard. The 
third, and correct, approach is to repair both seat and guard. The first 
and second approaches are admittedly popular; however, there is no es- 
caping the fact that regardless of design, materials, etc., valve failures 
will multiply after the first normal expected failure if the assembly is not 
repaired correctly. 

It is worth mentioning here that Bakelite, Nylon, and other nonmetallic 
plates cannot withstand high discharge temperatures and pressure ratios, 
but since they do not damage seats and guards when they break, they 
should be used when possible. 

The practice of lapping valve plates and seats to square and remove 
dents is highly recommended, but many people fail to realize the impor- 
tance of removing the sharp edges formed in the lapping operation. Con- 
trary to general belief, a plate does not lift straight off the seat as it opens; 
instead, one side lifts first. Thus, if sharp edges are left on either the 
valve or the seat, they will dig into each other. For that reason, all sharp 
edges should be broken after lapping. 

There are many other examples of bad practices but they apply to spe- 
cific types of valve designs and cannot be covered here. The point to re- 
member is that valve assemblies are subjected to adverse conditions at 
start-up and after overhaul. 

After the initial start-up pains, the valve troubles usually level off, but 
since anything that moves is prone to fail ultimately, it is only a matter of 
time until problems will develop and will need attention. Perhaps the best 
known tool for dealing with valve failures is a complete history on every 
valve assembly. The expense of keeping a history on an installation that 
is giving good service is not justified, but once anyone issues a valve 
complaint on the unit, it will be profitable to go back in with new valves 
and start keeping accurate records. Information such as the life of each 
plate, its exact location (i.e., crank end, head end, suction or discharge), 
and whether there have been any changes in capacity, pressure and tem- 
perature conditions is valuable. The number of times that such a history 
has revealed the trouble to us is almost unbelievable. 

An interesting point often brought out in such a history is that there are 
more valve assemblies in the plant than realized and that the actual life is 
as much as three years. Sometimes the failures will be repeated in a cer- 
tain stage, cylinder, or end, or perhaps in the same valve pocket of the 
cylinder. A close inspection may reveal that the seat in the cylinder that 
receives the valve assembly was damaged. In one specific case of re- 
peated failures in one location, the entire cylinder was found to be dis- 
torted due to piping strain. The notation on the positions of the unloaders 
is important in the case of some variable piston unloaders. The valve 
plate may tend to flutter at very high clearance volumes. 
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Valve flutter, due to improper design can lead to valve failure. Experi- 
ence shows that true valve flutter is not a frequent occurrence. When it 
does occur, valves can be destroyed in a matter of hours. It takes ad- 
vanced instrumentation to verify and solve valve flutter, however. 

Pressure pulsations in suction and discharge piping of compressor cyl- 
inders have been responsible for valve failures. Pulsations can be sus- 
pected as the cause if there also is rapid wear, and possibly breakage of 
the piston rings. This can be verified if there are bright marks on the en- 
tire circumference of the liner the exact width of the ring and located at 
the end of the ring travel. The trouble results because the pulsating pres- 
sure gets behind the ring when the piston stops at each end of travel and 
literally beats the ring against the liner. An exact study of piping size and 
drum location is required to eliminate this problem. 


Dirt and Liquid 


Dirt and liquid are scourges to reciprocating compressors; unfortu- 
nately, not much can be done about them. It is true that a better job is 
being done in reducing installation dirt, thanks to better cleaning meth- 
ods and a respect for the problem. But process dirt or fouling is some- 
thing else again. One thing that concerns us is that screens are becoming 
popular. They are being used both for start-up of new units and as perma- 
nent installations. Screens are in some ways beneficial, but some people 
are beginning to think they are the cure. They contend that with better 
materials and design, the screens can be made fine enough to protect cy]- 
inders. True, coarse particles that can be stopped by a screen are not 
good for the equipment, but a cylinder will digest a certain amount of it. 
However, it is the fine dirt that no screen will stop that has the worst 
effect on the liner because it mixes with the oil and makes a perfect lap 
for wearing parts. Furthermore, screens may load up and, if they break, 
cause more damage than would have occurred without any screens at all. 

In regard to polymerizing of certain gases, some chemical companies 
claim success in injecting compounds into the suction nozzle of the cylin- 
ders. The amount injected is about 1/2 gallon per hour per cylinder and it 
increases the time between shutdowns for cleaning valves and cylinders 
by four times. The same beneficial results may be obtained from using 
diester-based synthetic lubricants for cylinder lubrication. 


Knocks, Noises, and Vibration 


Knocks, noises, and vibration are good indications of trouble. On the 
other hand, normal noises are sometimes misinterpreted by even the ex- 
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Figure 5-8. Cross-sectional view of 
reciprocating compressor cylinder and 
crosshead guide. 





perienced operator. In order to keep from initiating panic, and to create 
confidence in the machinery, the operator should become familiar with 
the natural beat of the machine by spending a great deal of time around 
the unit after it is installed. 

A common type of knock is caused when the piston of a double-acting 
cylinder hits either the head or crank end of the cylinder. This can happen 
if the piston is incorrectly spaced at assembly. The piston may clear dur- 
ing the cranking or barring-over check but, due to take-up of all clear- 
ances (bushings, rod, and main bearings) by inertia and expansion of rod 
and piston due to heat, the piston may strike the head during operation. 
The knock is very easy to analyze because it is a distinct metallic thud 
and can be felt by placing the hand on the cylinder head. Rapid wear of 
the liner and piston also can cause the piston to strike the head. From Figure 
5-8 it can be seen that there is a large radius on each end of the piston that 
also matches the contour of the heads. If the piston is lowered by wear, it 
will strike the radius of the head. Some pistons are bulletnosed and are more 
likely to strike other parts when wear sets in. 

Note (in Figure 5-8) that the piston rod (14) is threaded into the cross- 
head (15) and secured by a nut (13). This nut has been known to come loose, 
permitting the piston to turn and hit the head. 

The knock that has caused more confusion than any other, however, is 
the one that results when the piston nut is loose. This is the nut that se- 
cures the piston to the rod. If it becomes loose by as little as .003 in., it 
will knock very loudly; however the noise will appear to be in the crank- 
case of the unit. In many cases the knock has been eliminated merely by 
tightening the nut one or two flats. If this nut continues to come loose 
after tightening several times, there is good reason to believe that the cyl- 
inder is not in alignment. If the cylinder is high on the head end, the pis- 
ton will rise as it comes to outer center, thereby setting up a severe vibra- 
tion that affects the tightness of the nut. This condition can be further 
substantiated by loose grout under the crosshead guide support (Item 10, 
Figure 5-8) and perhaps under the frame of the unit. In some cases, the 
grout has loosened to such a degree that the guide-support hold-down 
bolts break. Vibration at the frame (2) with increasing intensity at the 
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support (10) and end of the cylinder also will be noted. Misalignment has 
many possible causes. In some installations there is only one support, 
i.e., the crosshead guide support (10), which leaves the cylinder over- 
hung. However, there are usually some wedges under the drum (9) and it 
is the incorrect usage of the wedges that sometimes causes the trouble. 
When the cylinder is aligned and the support (10) grouted, strain is some- 
times mistakenly taken on the drum wedges. If the unit is of the bottom 
discharge type, the drum will push the cylinder up as it is heated by dis- 
charge temperature. Assuming a 48-in. distance and a discharge temper- 
ature of 300°F, it is possible for the expansion of the drum to raise the 
cylinder .066 in. The real purpose of the drum wedges, however, is to 
keep the drum from vibrating; therefore, the proper method of adjusting 
the wedges is to leave them loose until the machine gets up to operating 
temperature and only then snug up on them. 

In those installations that have the added support (3) at the head end, it 
is a common error to adjust it too high and also snug up the drum wedges 
before starting. 

Some millwrights think they are setting the unit correctly by adjusting 
the support (3) until the level (8) reads level. That would be correct if the 
level (7) placed in the crosshead guide also indicated level. Sometimes 
the level of the crosshead guide is slightly down, and that cannot be 
changed because it is determined by the squareness of the guide and 
frame at (4). Therefore, the support (3) should be adjusted in height until 
the bubbles in both levels (8) and (7) read the same. 

Excessive clearances in the crosshead-to-guide, crosshead bushings, 
connecting rods and main bearings will initiate load knocks but they will 
be dealt with during discussion of maintenance on the frame or power 
end. Other causes of knocks are liquids, loose valve assemblies and pack- 
ing glands. Loose assemblies are not too difficult to locate. In regard to 
liquids, the knock is spasmodic as the slugs pass through the cylinder. 

Now that the importance and method of using each sign or indication 
has been explained, it takes very little time to pass through the list of 
checks, which are as follows: 


1. Checking for excessive rod load is required only when changes in 
capacity and pressures are made—the operator need not bother with 
non-critical cylinders. 

2. Check the packing vents for liquids and discolored oil twice daily. 

3. If a packing vent does not clear, conduct a cylinder inspection 
through a valve port. 

4. Check suction and discharge temperatures and pressures twice a 
day. 

5. Listen for knocks and noises, and check vibration twice a day. 
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This small number of checks does not appear to be much of a preven- 
tive maintenance program for reciprocating compressor cylinders but if it 
is followed, every critical and moving part can be scrutinized and pro- 
tected without shutting the unit down (except for cylinder inspection 
through the valve port). Furthermore, no instruments are required other 
than the standard gauges and thermometers on every unit. 

The program just described is the bare minimum that will fit the small- 
est pocketbook. We would not argue with anyone who would want to 
spend more, but it is interesting that some would consider it too exten- 
sive. However, for this or any program to be successful, a well-trained, 
conscientious and cost-minded person must conduct the tests and evaluate 
the operational warning signs and indications, and he must be given the 
authority to shut the unit down when the warning signs indicate it should 
be done. 


Procedures 


Although the expendable parts of engines, such as pistons, rings and 
valves, have been the subject of many maintenance writeups and proba- 
bly are understood by almost everyone, the lower part of the engine, 
such as foundation, grout, frame and crankshaft, has not received enough 
coverage in the past. Perhaps it is because this area has been relatively 
trouble free; however, in the last decade, troubles there have increased. 
For this reason, let us look closely at the lower portion of the engine in- 
stallation. 

Crankshaft deflection, determined by web gauge or inside micrometer, 
is the most important indication or test of the condition of the foundation, 
grout, frame, crankshaft and main bearings. But in order to be used to 
full advantage, the method of conducting this test has to be understood. 


Taking Crankshaft Deflections 


Figure 5-9 shows the exact position for locating the web gauge (A). 
Note, in the right-hand view, that it is installed at the midpoint of the 
web. If the gauge were installed at the edge of the webs, it would not 
follow true web deflection as the crank is rotated. Note in the left-hand 
view that the gauge is located a definite distance from the centerline of 
the connecting rod journal. The reason for this is that the engine builder 
has assigned a maximum deflection to each engine. If the operator lo- 
cated the gauge at “B,” which is out on the counterweights, the deflec- 
tion recorded there would be twice the actual deflection measured at 
“A.” In some installations the rod cap interferes with the gauge as the 
crank is rotated, and the instrument has to be located out on the counter- 
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Figure 5-9. Taking crankshaft web 
deflections. Exact position for locating 
the web gauge. Note that the crank pin 
is down. This is designated the “zero” or 
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weights at “B.” In these cases, the reading at “B’ will have to be propor- 
tioned back to position “A” by the formula shown in Figure 5-9. 

In engines where there is only one or no counterweight on the webs, the 
gauge must be installed out from the “A” position. The bottom centers of the 
webs have tapped holes (if the webs are not tapped they should be) for 
receiving threaded rods which will support the gauge. 

Observe that in Figure 5-9 the crank pin is down. This is designated the 
“zero” or starting position. The reason for starting with the pin down can 
be seen in the following example: Let us assume that the main bearing 
journal to the right is low due to a bad main bearing. The webs would 
then be spread apart. In locating the gauge, the dial is set at zero. When 
the crank is rotated to the up, or 180°, position, the webs moved inward, 
which registers a minus (—) reading on the dial. However, if the operator 
used the up, or 180°, position as a starting point, the webs would be 
moved inward, and at that starting position the dial is set to zero; but 
when the crank is rotated to the down position, the webs would spread 
and the dial would register a plus (+) movement. The magnitude of de- 
flection in both cases, for the same cause (bad bearing), is identical, but 
the signs (+) or (—) would be reversed. Starting with the throw down is 
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standard, and the signs tell the person analyzing the readings whether the 
shaft is bowed or sagging. 

Note in Figure 5-9 that there is a space for recording crankcase tempera- 
ture. It is impossible to check or repeat readings from period to period unless 
they are taken at the same engine temperature. Deflections will change from 
hot to cold, and since hot readings are the conditions under which the shaft 
operates, the readings should be taken hot. 

Figure 5-9 can be used as a form for recording deflections each period— 
which should be every six months and certainly no more than every year. 
In cases of foundation problems, the deflections should be taken every 
three months. 

In regard to a “V” machine with a horizontal compressor on the throw, 
it is impossible to rotate the crank more than 180° without the connecting 
rod striking the gauge. In these cases, inside micrometers may be used to 
measure the distance between the webs at the 0°, 90°, 180°, and 270° 
positions. The webs of most large crankshafts are not too smooth, so the 
ends of the micrometers will have to be located in exactly the same spot 
for each reading. Bench marks on the webs will be helpful in assuring 
exact location. 


Analyzing Crankshaft Deflection Readings 


In order to analyze the readings, some experience and sound think- 
ing are required, but the effort will be worth it. Because problems with 
the lower end of the machine are never the same, the best way to deal 
with instructions on analyzing the data is to go through several hypotheti- 
cal cases. The reader can better follow the examples and subsequent 
problems by using a model crankshaft made from wire or a paper clip. 

The readings listed in the table of Figure 5-9 will be used as Case 1 and 
were obtained from a machine with a 22 in. stroke. The engine builder 
assigned a maximum deflection figure of .004 in. The — .005 at the 180° 
position for No. 3 throw is above the specified limit, indicating that 
something is wrong. The 90° and 270° positions are normally used to 
determine whether the main bearings are out of alignment in a horizontal 
plane. However, when the 180° position has excessive deflection (caused 
by one journal being low), it carries up to the 90° and 270° positions, 
which in this case results in the —.001 reading. Furthermore, if the bear- 
ing saddles were out of alignment in a horizontal plane, the signs at the 
90 and 270° positions would be reversed. Therefore there is nothing 
wrong with the horizontal alignment. (Actually, the 180° position read- 
ings are the most significant, because rarely will main bearing saddles be 
found in sidewise misalignment.) 
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Figure 5-10. Crankshaft deflections illustrating different types of deflection problems that 
might be encountered. 


Returning to the example, since the No. 3 throw 180° reading is the 
only one that is excessive, it is apparent that the bearing to the right of 
No. 3 throw is wiped. Note that this low bearing has caused distortion in 
the shaft past No. 3 as indicated by the —.002 reading of No. 4 throw. In 
this case the correction is simple, because it is only a matter of replacing 
the bearing. 

Figure 5-10 shows a set of crankshaft deflections that will be used to 
explain Case 2. Here, the 180° deflections get worse from No. 1 to No. 3 
throws and better from No. 3 to No. 6, and all signs are minus (—). A con- 
dition such as this means that the shaft is in a continuous bow. This can 
be verified by bending your wire model crankshaft into a bow and by 
rotating it as is done in taking the readings. It will be seen that all signs 
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would be (—), and the highest separation of the webs would be in the 
middle throw. This situation is not characteristic of one or more bearings 
being wiped, because it is improbable that both end bearings would be 
wiped, leaving the center high. A typical cause for this condition is for 
the bond between the frame and grout at each end of the engine to have 
broken loose. The horizontal couple forces cause the frame to move rela- 
tive to the grout, which, over a period of a year, can actually wear it 
down. 

If this is the problem in Case 2 it can easily be checked by inserting 
long feelers (about 8 in.) between the frame and grout. If the feeler thick- 
ness is too great (up to .025 in.), the situation is actually worse than the 
deflections indicate because the frame is not supported. There are many 
installations in which feelers can be inserted all the way at the end of the 
frame, but the gravity of the circumstance is determined by how far the 
feelers can be moved from the end toward the middle once they are in- 
serted. Regardless, the deflections are excessive in Case 2, and if there is 
a loosening of the grout, with frame movement, the unit may have to be 
regrouted. A common error is to tighten the foundation bolts to restrict 
movement. Such tightening is useless because once the bond is broken 
the foundation bolts cannot hold the engine down. The amount by which 
the maximum deflection can be exceeded will be discussed in subsequent 
paragraphs. 

If the inspection just described indicates that the bond between the 
frame and grout is satisfactory and the grout has not broken up, then the 
bowed condition of the shaft could be caused by a change in the shape of 
the foundation. There is a possibility that it may be cracked. This can be 
verified by a thorough examination of the foundation. Almost all con- 
crete structures have hairline cracks, which should be ignored; but open 
cracks, regardless of the width, are a good indication of trouble. A sketch 
showing the exact location of the open cracks is sometimes useful in cor- 
relating their location to the crankshaft deflections. 

In regard to Case 3, if the deflections were exactly the same as Case 2 
but the signs were all plus (+), then the grout or foundation is in a bad 
sag. Comments for this condition are the same as Case 2. 

In Case 4, the changes in signs of the deflections show the shaft to be in 
a reverse bend. This could be caused by bad bearings, grout, foundation 
or frame. In this case, as well as in the preceding three, the analysis 
should not be confirmed or acted on until all main bearings have been 
inspected. 


Maximum Deflection Specifications 


The number of variables involved and the complexity of the problem 
make it impossible for an engine builder to predict the deflection at 
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which shaft failure will occur. Therefore, a very tight maximum figure 
has to be assigned to any shaft so that all situations will be covered. It is 
for this reason that failures have happened to shafts with deflections 
slightly above specifications while other engines have run for years with 
deflections much higher than engine builders’ limits. Furthermore, there 
are some locations that make it very difficult to keep the engine level 
enough to stay within the limits. The problem is to decide how far one 
can go beyond recommendations. The following discussion might help in 
making that decision. 

In regard to Case 1, the change in deflection from throws No. 2 to No. 
3 is very abrupt. In that case the web stress is very high, and it is recom- 
mended that the specified maximum deflection not be exceeded. This can 
be demonstrated by holding adjacent main bearings of the wire-model 
shaft and creating a bending motion. This would break the shaft quicker 
than by holding it at the end main bearings. 

Case 4 is also a very undesirable situation in that there is a reverse 
bend, or “S,” indicated by a change from plus to minus signs. The stress 
concentration in the throw between the change of signs can become very 
pronounced if the deflection is much above the engine builder’s stan- 
dards. 

Case 2, which is a bow (all plus), should allow more deviation from 
standards than the other examples, because the stress concentration, as in 
the case of the sag, is not as dangerous. Also, a bow is better than a sag 
because in the former the deflection is minus. Where a minus reading is 
involved, the webs are inward from the neutral position when the throw 
is up. The up position is when the peak firing pressure exerts maximum 
force on the journal and tends to spread the webs apart. Since the webs 
are already inward, the peak firing pressure does not contribute as much 
to web stress as it does in the situation of a plus reading, where the webs 
are spread apart before the firing force is exerted. 

It can be seen that it is difficult to assign a maximum deflection to any 
engine, but if the value specified by the engine builder is not exceeded 
under any conditions, experience has shown that the shaft should not 
break. It is always wise to consult the manufacturer when deflection lim- 
its are reached. 


Crankcase Inspection 


The preceding paragraphs have covered the foundation, grout, frame, 
crankshaft, and main bearings. It should be noted that those important 
items can be checked without disassembly of any parts, except for re- 
moval of the crankcase doors. Once the doors have been removed, the 
operator should take advantage of one of the most revealing inspections 
available to him, i.e., the crankcase inspection. 
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As each door is removed, its back should be inspected for foreign ma- 
terial thrown there by centrifugal force of the connecting rod. Bronze 
cuttings from a faulty wrist-pin bushing will adhere to the door. The same 
is true for babbitt from bearings and cast iron from liners, pistons, etc. 
The walls of the crankcase as well as the bottom should also be scruti- 
nized for particles of those metals. The condition of the oil can be 
checked by looking for lacquer formations on machined surfaces or de- 
posits of sludge that could come from trouble with valves, rings, or pis- 
tons. All nuts and bolts should be tapped with a hammer for the familiar 
ring common to tightness. Each piston should be moved to top center and 
the liner checked for scuffing. 

Generally, two mating parts that have had a tendency to seize while in 
operation will generate enough local heat to discolor the casting support- 
ing them. This is particularly true of main and connecting rod bearing 
caps or the wrist-pin end of the connecting rod. Consequently, the entire 
crankcase should be observed for any blue discoloring, and if any is 
found it should be thoroughly investigated. Any parts that have been hot 
enough to become discolored will normally be warped, cracked, or both. 
Therefore, they should be Magnafluxed or dye-checked for cracks. Con- 
necting rods and main bearing saddles should be measured for warpage. 

The inspection outlined so far has not consumed any more time than it 
takes to look at every square inch of the crankcase. The operator should 
make these observations every time a door is removed and certainly at 
intervals of not more than every three months. At all intervening crank- 
case inspections, the main and connecting rod bearings should be 
checked for clearances. As the following explanation will show, these 
bearings do not have to be dismantled for this check, but it will take at 
least two hours to complete, depending on the size of the engine. 


Determining Bearing Clearances 


The crankshaft web deflection test and crankcase inspection are good 
indicators of main bearing condition, but they must be supplemented by a 
clearance check. 

Excessive clearance in all main bearings, which could be caused by 
abrasives in the oil, may not show up in web deflection tests. Excessive 
clearance should not be ignored in any engine, but it is less dangerous in 
a two-cycle engine than a four-cycle engine. 

The method of determining the clearance is very controversial. Al- 
though many people use the lead wire method, this method is not recom- 
mended due to two main factors: lead wire expands after removal from 
the cap, or the wire can become embedded in the babbitt, especially in 
soft, high-lead-base babbitt bearings. 
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Plasti-Gauge® wire, which can be purchased in any auto parts store, is 
a very good medium and it is generally considered to give reliable read- 
ings. Its use suffers three disadvantages, however: 


1. It is time consuming. 

2. The bearing has to be dismantled at least twice, which betters the 
chances for human error. 

3. It cannot be used on vertically split bearings common to engines 
where the crankshaft is removed through the side. 


The dial indicator method can be used on main bearings, i.e., a dial 
indicator is clamped to the main bearing cap with the button of the indica- 
tor set on the shaft. The shaft can be raised by a very small hydraulic jack 
until it contacts the top of the bearing and the clearance is recorded on the 
dial. The feel of the shaft hitting the top of the bearing and the return to 
the bottom is quite pronounced. Several cycles of this movement will re- 
peat the indicator reading. 

Some people prefer to use a jack on each side of the journal being 
checked. If this method is used, caution is necessary in placing the jack to 
assure a solid base support for the jack. Users have had good success 
with this method and highly recommend it. Difficulty in raising the shaft 
will be encountered when the alignment is such that the shaft is in a re- 
verse bend. There is no need for controversy in using the dial indicator to 
check connecting rod clearances. It has all the advantages, it is fast and 
precise, and it does not require disassembly. Any readings recorded by 
this method that are above or below specifications or a previous reading 
are reasons for disassembly and inspection. 


Maintenance of Upper Engine 


A review of what has been covered will show that the lower half of the 
engine has received complete attention. This was accomplished by simple 
inspections that required a minimum of downtime or disassembly and 
without expensive instruments. Everything from the connecting rod to 
the top of the engine will be dealt with in a similar fashion. 

Piston Rings—Piston ring trouble is one of the most dreaded problems 
of an internal combustion engine. Engines operating with faulty rings are 
vulnerable to cracked pistons, cracked heads, worn liners or piston sei- 
zures with subsequent crankcase explosions. Faulty rings will also reduce 
the life of lubricating oil. Consequently, it is very important to be contin- 
ually alert for any indicators that will point up ring condition. In large 
two-cycle engines, ring trouble caused by problems in the port area will 
result in a distinct clicking noise at the base of the cylinder. Therefore, 
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the piston sounds should be checked daily for any unusual sounds or ex- 
cessive piston slap. Excessive vapors from the crankcase breathers will 
undoubtedly be the first sign of ring “blow-by.” When “blow-by” in- 
creases to a dangerous level, the vapor will escape past the crankshaft 
seals at the drive end of the frame. Other indicators of ring or liner trou- 
ble are increased lube oil consumption, breakdown of lube oil, decreased 
life of the lube oil filter elements, increased crankcase pressure, high ex- 
haust temperatures and the inability of the engine to carry load without 
detonation. 

Inlet, Exhaust, and Gas Valves—The tappet clearance of any valve 
should remain constant (after temperatures have leveled out) once it is 
set. If it becomes necessary to readjust clearances after short periods of 
operation, this is an indication of dangerous wear. The wear could be 
anywhere in the valve operating gear, such as the cam, roller, roller bush- 
ing, push rod ends, or tappet. When tappet clearance keeps changing, 
these parts should be inspected immediately, because their failure can re- 
sult in a complete engine wreck. If, on a four-cycle engine, inspection 
shows these parts to be in good condition, the trouble will be found at the 
valve seat or valve insert. Where hydraulic lifters are used, a noisy tap- 
pet is a definite “red flag.” Burned or leaky valves can result in a rough- 
running engine, increased exhaust temperatures, decrease in compres- 
sion pressure and detonation. On four-cycle, turbocharged engines, the 
first sign of valve trouble is unstable air manifold pressure accompanied 
by intermittent misfiring and muffled detonation. This is caused by 
burned combustion gases leaking into the air intake manifold, thereby 
raising the pressure. The manifold regulator senses the increased pres- 
sure and reduces the amount of air at a time when actually more air 
would be needed to counteract the burned gases. 

Nearly everyone is conscious of what valve trouble can do to a four- 
cycle engine but some do not realize what faulty gas injection valves can 
do to a two-cycle engine. One indication is a very hot pipe jumper be- 
tween the gas header and the gas injection valve. This will be followed by 
rough running, missing, and detonation. Some mechanics do not appreci- 
ate the fact that a good seat is required. The safe way to ensure against 
gas valve leakage is to pressure-test them by air on the bench. Soap and 
water can be used to check the lapped seat and valve. If it is difficult to 
get the seat to hold, the usual cause is excessive valve bushing wear. In- 
sufficient valve tappet clearance will burn valve seats; too much clear- 
ance is detrimental to cams, rollers, and tappets. There have been several 
cases of operators experimenting with gas injection valve tappet clear- 
ance which have led to cracked heads and liners and piston seizures. It 
should be noted that gas injection valves are not exhaust valves; they are 
designed to operate only in the cool part of the stroke. If allowed to be 
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held open or leak, they will burn during the combustion and expansion 
periods, and compression pressure will charge the inlet jumper and 
header with air. When the gas valve does open, the gas charge is diluted 
with air or burned combustion gases. 


Cylinder Heads—Cracking of cylinder heads is a problem that does 
not often occur, but when it does it is costly. In certain installations, a 
given cylinder head design may be subject to cracking problems, while in 
other types of installations the problem may be totally nonexistent even 
with the same head design. (This comment, naturally, does not apply to 
those installations where engines are subjected to long periods of over- 
load and heavy, continuous detonation.) 

In many instances, design and operation of cooling-water systems have 
been found to contribute to cylinder head cracking. It is known that, in 
controlling temperatures, if the spread between inlet and outlet of the en- 
gine exceeds 15°F, cracked cylinders, heads and/or exhaust manifolds 
are quite likely to show up. It is also reasoned that if adequate provisions 
for removing entrained air are not made, cracked heads are likely to ap- 
pear. Some designers use traps in the high locations, while others contend 
that a vented standpipe which will slow the water to 0.5 ft per second is 
required to release the air. The relationship between entrained air and 
cracked heads is difficult to determine but air appears to have been a con- 
tributing factor in many failures. 


Ignition—Space is too limited here to cover this subject in detail, but it 
is so important that a few words of advice will have to be included. Ev- 
eryone knows that faulty ignition can contribute to most of the failures 
mentioned earlier. The problem is that not everyone has the necessary 
equipment to quickly analyze and locate the trouble. An operator can, by 
the process of elimination, find the trouble in a one- or two-unit installa- 
tion. However, in multi-unit installations, it is difficult to keep ahead of 
troubles in magneto or interruptor systems without costly instruments. 
About all that a person can do without these instruments is make sure that 
the plugs, points, coils, condensers, gap settings, battery voltage, 
grounds, connections and wire insulation are satisfactory. This, of 
course, can be accomplished visually or by simple tests. 

The ignition analyzer is recommended as a very valuable instrument 
for checking out ignition system components. These instruments, of 
which there are a number on the market, are highly versatile and can be 
used with pressure pick-ups to locate such varied troubles as bad valves, 
rings, pistons, etc., in both the power and compressor areas. Although 
some companies feel they cannot justify the cost of an analyzer and the 
man-hours required to operate the unit, analyze readings, and keep rec- 
ords, experience shows that this cost is well paid for in the reduction of 
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engine and/or compressor outage. The reader may refer to Volume 2 of 
this series for details on instrumentation and analysis. 

Ignition has for years been the critical part of an engine, but with the 
pulse generator and transistorized equipment, problems will be fewer in 
the future. As a matter of fact, if progress could be made on the life and 
reliability of spark plugs, the trouble-free day for ignition systems would 
not be too far off. 


Turbochargers and Blowers—Any part of the engine involved in fur- 
nishing air for combustion is very important. Most modern engines have 
rotating equipment for that purpose and, although they operate at high 
speeds, their life and service are very acceptable if they are properly 
maintained. When trouble does occur with turbochargers or blowers, vi- 
bration is one of the first signs. However, this can be detected long before 
damage sets in by checking each month with any one of the many instru- 
ments available today. If an instrument is not allocated to the installation, 
the ends of the fingernails are sensitive enough to feel vibration before 
damage is done. This check does not require any time; therefore, it can 
be done every day. 

A common problem with turbochargers is carbon formation on the tur- 
bine end that finally takes up end-thrust clearance, resulting in complete 
damage to the very expensive rotor. To guard against this, the rotor end 
play should be checked at least every three months. If an inspection win- 
dow is provided, the check can be made without any disassembly. Oil 
leaks at the front end and air-impeller fouling sometimes cause problems, 
but this can be determined through the inspection window. The limiting 
factor for any turbocharger is exhaust inlet temperature. Therefore, the 
engine builder’s maximum should not be exceeded. The turbocharger 
output remains fairly constant (depending on atmospheric conditions) 
with engine load and speed. Any decrease or increase in turbocharger 
speed is reason for concern. The instrument used for checking vibration 
should be one that records speed as well as amplitude of vibration. 

The spin-down test requires very little time and is so convenient and 
informative that it is a “must” for maintaining this type of equipment. 
This test amounts to recording the time it takes the rotor to come to rest 
after the engine throttle is shut off. This reading can be taken any time 
during a scheduled shutdown. It is better to do it at no load and rated 
engine speed. As the throttle is moved, the stop watch can be started. The 
operator will have plenty of time to get around to the inspection window 
of the turbocharger because it generally takes four to five minutes for the 
rotor to stop. 


Engine Balance—The term “engine balance” means that each power 
cylinder should produce its equal share of power. Everyone in the trade is 
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very conscious of its importance, but there seems to be confusion among 
operators and mechanics as to how to accomplish it. 

Some people periodically check the exhaust temperatures and peak fir- 
ing pressures of each cylinder and, if they are not normal, adjust the air- 
to-fuel ratio controls or change the amount of gas supplied to certain cyl- 
inders. This practice of making adjustments without first determining the 
reason for unbalance is not sound. There are others who will change the 
same adjustments to relieve a detonating engine with the assertion that 
the cause will be investigated later. This approach can be dangerous and 
in the meantime causes unnecessary work. An engine installation should 
be viewed as an engine with a certain number of adjusting knobs on it. 
The simple installations may have one or two adjustments. In order to get 
the “last squeal out of the pig,” modern engines have several adjusting 
knobs. The point is that there is only one position for each knob and, 
once they are set in that position, they should never need changing be- 
cause adjusting screws of gas valves or air-to-fuel ratio controls do not 
wear. A change in air-to-fuel ratio or balance is not caused by adjust- 
ments changing but is due to some malfunction of the engine. 

For example, in the case of a two-cycle engine, an increase in air mani- 
fold pressure indicates carbon in either the intake and/or the exhaust 
ports. Carbon does not form in equal amounts in all cylinders, which up- 
sets engine balance. The balance may be restored by a change in adjust- 
ments but it will last for only a day or two. In other words, it is impossi- 
ble to keep an engine in balance with carbon in the ports. The proper 
procedure is to watch for signs that carbon is forming so that port clean- 
ing can be scheduled. In addition to carbon in the ports, other malfunc- 
tions such as faulty ignition, valves, turbochargers, blowers, and piston 
rings will upset engine balance. Consequently, the correct approach to 
engine balance is to repair the assembly that is causing the unbalance. 

Engine Safety Devices—The trend in new installations is toward com- 
plete or partial automation—in these cases, plant designers include a 
safety shutdown device for every engine function. The instruments are 
called on to do a very difficult job because they do not operate for long 
periods. In the meantime they collect rust, dirt, moisture, and in some 
instances oxidized oil—and when called on to protect the engine they 
may not function. Also, the problem of false shutdowns is sometimes 
temporarily put off by blocking out the instrument. This has proved 
costly and embarrassing in many instances. It should be a hard and fast 
rule in all installations that the engines be shut down at least every six 
months by actual operation of every shutdown device. 

This section may impart the feeling that if engines are to be maintained 
as suggested, there would not be any time left for running. However, re- 
member that throughout, the theme is to watch for signs and make in- 
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spections that require a minimum of downtime and disassembly. Most 
can be done while the unit is on the line and require few and inexpensive 
instruments. Some are only observations. They are elementary and well 
known and have been used by the old-timers for many years. If used with 
judgment, these simple indicators can be used to maintain any modern 
installation. 

The modern trend, however, is to forget these basic items and to deal 
only with exotic instrumentation for maintaining engines, and it is not 
only a trend that can damage the equipment but can also be quite expen- 
sive in terms of operational downtime. Instruments such as the ignition 
analyzer, balance pressure indicator, etc., are here to stay and are highly 
recommended as a part of the basic maintenance equipment for any in- 
stallation. 

There is also a tendency for some engine-builder field representatives, 
as well as operators, to make field design changes before making sure of 
correct installation and basic adjustments. The redesign approach is 
healthy, as it keeps the engine builder on his toes and does give him valu- 
able information. However, when overdone it deters from necessary ba- 
sic maintenance procedures, and the equipment will not function as in- 
tended. 


Reciprocating Compressor Component Overhaul and Repair. 


Usually we will try to inspect the reciprocating compressor whenever 
the opportunity arises. Each plant has its favorite “hours elapsed” which 
would indicate that it is time to do an inspection. The box at right shows a 
typical checklist used during a reciproacting compressor inspection. This 
checklist would be used in conjunction with an appropriate maintenace data 
sheet similar to the one shown later in Figure 5-17, 

While there could be a substantial or near endless array of possible repair 
procedures we would like to concentrate on three important activities around 
our reciprocating compressors: 


1. Valve repairs 
2. Packing replacement 
3. Cylinder honing 


Valve repairs are likely to occur most around reciprocating compres- 
sors. The following is a typical example of a procedure used to remove, 
repair, test, and reassemble compressor valves. 
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RECIPROCATING COMPRESSOR OVERHAUL CHECK LIST 


1. Check clearance of main and connecting rod bearings. Inspect crank pin, 
crosshead pin bushings, crosshead bearings. 
. Inspect main bearing and shaft alignment, and crankshaft alignment. 
. Check alignment of crosshead and piston and readjust shoes, if necessary, us- 
ing level on crosshead guide and cylinder base. 
4. Check alignment of cylinder to crosshead and frame 
(a) Mount dial indicator on cylinder housing and take reading on rod in hori- 
zontal and vertical direction through stroke. 
© if greater than 0.003” in vertical correct by shimming crosshead shoes. 
© if greater than 0.003” in horizontal, check various fits and joints and 
correct as necessary. 
(b) Alternate method: Use alignment wire through centers of cylinder bore 
and crosshead guide bores. 
. Inspect all stud nuts for tightness—crankcase cover, distance piece and foun- 
dation bolts. 
Inspect, measure and record piston and cylinder diameters. 
Inspect, measure record piston rings, rider rings, piston ring grooves. 
Inspect valves. 
. Inspect oil coolers, water jackets, intercoolers. 
. Inspect lubrication devices, oil filters, sumps and piping. 
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Disassembly of API* style, single deck plate valve as shown in Figure 
5-11: 


1. Remove valve cage from valve assembly. 

2. Remove Drake nut (8) from valve stud (7), and remove seat (11), if 
suction valve, or guard (10) if discharge valve, for access to valve 
springs (13) and valve plates (4 and 5). Remove stud bolt (7) if nec- 
essary. 


We would now proceed to perform a bench inspection of the valves. 
Here are the steps to be followed: 


1. Guard and Seats. Use an approved cleaning solvent. Clean and 
blow dry, using compressed air if available. Check for cracks, 


* API = American Petroleum Institute Standard 618 
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1. Valve Cap 6. Valve Cage 11. Valve Seat 

2. Valve Cap Gasket 7. Valve Stud 12. Valve Seat Gasket 
3. Set Screw 8. Drake Locknut 13. Valve Plate Spring 
. Valve Plate (Inner) 9. Seat to Guard Dowel 

5. Valve Plate (Outer) 10. Valve Guard 


Figure 5-11. Single deck plate vaive assembly for reciprocating compressor—AP! style. 


warpage, and wear. Seat and guard can be checked by placing a 
metal straight-edge on the mating surfaces of seat and/or guard. If 
warpage or indentations of the seat are minor, the valve seat can be 
reground. If guard is worn or warped, it must be replaced. Check 
valve gasket surfaces for burrs or roughness that would prevent 
seating of the gasket. One caution—if valve seat surface has been 
hardened to reduce wear, excessive grinding will reduce or destroy 
the seat hardness. 

Carefully check damped plate and channel valve guards for wear. 
Proper damped plate valve operation depends upon a close clear- 
ance between the plate and groove in the guard. Excessive clear- 
ance will require replacement of the guard. 

Valve plates should be considered for replacement with new ones 
when doing a valve inspection. There are some good reasons for 
this: Valve plate material for each compressor cylinder is selected to 
give the best operation possible. Valve plates are available in 
chrome vanadium steel, stainless, nylon or thermosetting plastics. 
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Valve plates can be installed with either side facing the valve seat. 
Valve plate failure always results in breakage and new plates must 
be installed. 

Damped valve plates must be checked for freedom of movement 
and clearance in the guard grooves and channel valve plates must be 
checked on the guard ribs. Rotate each plate one full revolution. If 
plates do not turn freely they must not be used. After assembly of 
the damped plate into the guard, move the plate sideways as far as it 
will go. The clearance at any point between plate and guard should 
not exceed .011 in. 

After assembly of the channel plate over the guard rib, move the 
channel sideways as far as it will go. The clearance at any point 
between guard rib and channel should not exceed .007 in. 


One reputable compressor valve repair shop offers the following in- 
spection service: 


9. 


1. Each valve is identified. 
2. 


Each valve is dismantled and inspected for wear or breakage. An 
inspection report is issued. 


3. Seats, guards, bolts, etc. are cleaned with a vapor blaster. 
4, 
5. Seats and guards are remachined to OEM* specifications and, if 


Seats and guards are inspected for cracks. 


necessary, metalized before machining. Seats are lapped or concen- 
trically ground. 


. Each valve is assembled. Only OEM parts are used. 
. Each valve is function tested, plus two leakage tests: (a) liquid-fill, 


observe for 1.5 minutes and slots of seat must still be half full (b) 
connect to metered air supply system. 


. If the valve contains steel parts subject to corrosion, it is dipped into 


rust-preventing oil and wrapped. 
Each valve is identified by a sticker on the wrapping. 


Reassembly of the valve takes place in the following order: 


1. 


2. 
3. 


Replace valve stud bolt—if removed—by turning it firmly into 
guard (suction valve), or seat (discharge valve). 

Reassemble the valve by first inserting springs in recess in guard. 
Position valve plates (4 and 5) on springs (13) and depress plates. Hold 
plates and springs in place by installing special valve plate clips. See 
Figure 5-12—or, if special retaining T-bolts are used, see Figure 5-13. 


* Original Equipment Manufacturer 
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VALVE PLATE CLIP 


Figure 5-12. Application of valve plate clip during plate valve assembly. 
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Figure 5-13. Application of "T-bolts” during plate valve assembly. 
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One should watch that ported plates are located on guard so that 
locating dowels are on each side of “land” between milled ports on 
plates. Dowels prevent plate from rotating (Figure 5-13). When an 
indexing dowel is used, the dowel must be aligned with index hole 
in valve plate to prevent plate rotation. 


. For suction valves, hold plates in position on the guard (10) with 


special valve clips or T-bolts and install the valve seat (11) over 
stud (7) onto the guard. For discharge valves, install valve guard 
(10) over stud (7) onto valve seat (11). Alignment dowel (9) in 
guard (10) must align with hole in seat (11). 


. Install Drake locknut (8) on valve stud finger-tight and remove spe- 


cial clips or T-bolts. Tighten Drake locknut as recommended in 
parts list drawing if given, or per manufacturer’s torque recommen- 
dations. 


. Check valve plate operation by inserting a screwdriver or similar 


tool through the valve seat ports, forcing the valve plates off the 
seat. Repeat this at several points on each plate to assure that plates 
are free to open and close. Failure of the plate to unseat indicates 
that plate is not aligned with dowels in guard, and the valve must be 
disassembled. 

Install assembled valve in cylinder. 


Installation of the valves in the cylinder must be executed with the 
greatest care. Do not install a suction valve in a discharge pocket or vice 
versa. Such an installation could result in excessive internal cylinder 
pressures, creating an extremely hazardous condition. 

One should proceed as follows: 


1. 
2. 


3. 


Install a gasket on the valve seat or guard. 

Carefully enter the valve into the cylinder pocket. Special tools are 
available for lifting and installing large valves. 

Single deck valves are usually installed with the cage. Double deck 
valves and gas-operated plug-type unloader valves require installa- 
tion of the cage after the valve is located in the pocket unless valve 
is threaded into cage or cage is part of valve assembly. 


. With the valve and cage installed, tighten two set screws near the 


top of the cage to hold the assembly in position. Do not tighten the 
set screws excessively; this will damage the cylinder pocket. Safety 
wire the set screws to prevent loosening during operation. 


. Place a gasket on the cage and install the valve cap, clearance bottle 


or unloader bonnet. Tighten nuts to parts list drawing specifica- 
tions, if given, or refer to torque recommendations. 


. Some valve caps may have the 45° chamfer while some may have a 


“J” groove seal. Neither design should be over-tightened, but with 
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Figure 5-14. Typical TFE piston rod packing—exploded view. 





particular reference to the “J” groove seal, additional torque ap- 
plied to valve cap stud nuts will not result in further sealing since 
the cap is already in metal-to-metal contact with the cage. 


Packing Replacement. Rod packings are furnished in a variety of de- 
signs and materials to cover a wide range of operating conditions. Ac- 
cordingly, the following instructions are general, but should prove help- 
ful in the application and maintenance of a plant’s particular packing. 

Minimal and nonlubricated packings are shown in Figure 5-14 as an 
exploded view of a typical TFE* cup type packing with the various parts 
named to identify them with the functions and the terms used. Rod pack- 
ings consist of a series of TFE filled packings rings held in place around 
the piston rod and enclosed by a metal case. In low pressure cylinder ap- 
plications, a combination of radial and tangential rings is used. High 
pressure applications use an anti-extrusion ring in addition to the conven- 
tional radial and tangential rings. The purpose of the metallic anti-extru- 
sion rings is to prevent, as a result of pressure, the extrusion of the seal- 
ing rings between the annular space formed by the packing case and the 
piston rod. 

In order to reduce the heat generated by the sealing forces of the rings on 
the piston rod, water is sometimes circulated through the packing case as 
illustrated in Figure 5-15. 

A note of caution! When stopping the unit, coolant—where applica- 
ble—must be shut off and drained from the packing before the cylinder is 


* Tetrafluorocarbon (Teflon®) 
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depressurized. Also, before installing the packing, record all identifying 
markings from the case and packing for reference when replacing indi- 
vidual components. 

Operational break-in of a packing is very important. Improper break- 
in can result in faulty sealing and damage to the piston rod. The following 
points will in most cases assure proper break-in and operation. Break-in 
time will vary depending upon conditions. 


1. Cleanliness—The packing and rod must be clean! If the rod has any 
nicks or corrosion in the area that will enter the packing, carefully 
remove nicks and clean the rod. 

2. Pressure—During the break-in period, it is advisable to gradually 
increase the cylinder pressure and vary the operating speed if possi- 
ble. This allows the packing to “wear-in” and to conform to the 
piston rod before being subjected to full load pressure. Wear-in time 
will be shortened if it is possible to operate at a low load, rather 
than at no load. If during break-in, leakage or overheating appears 
to be increasing, or out of control, reduce pressure and/or speed to 
allow packing to stabilize. If this does not reduce leakage, the unit 
should be stopped for packing inspection to determine the cause. 
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Figure 5-15. Typical nonlubricated piston rod packing showing coolant flow. 
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A typical detailed break-in procedure for tungsten carbide coated rods 
is described in the following: 


e Machine made ready to operate by process personnel. 

© Set load at 25 percent and run machine for five minutes. 

e Shut machine down and allow piston rod to cool down to ambient 
temperature. 

@ Set load at 25 percent and run machine for 20 minutes. 

e Shut machine down and allow piston rod to cool down to ambient 
temperature. 

@ Set load at 50 percent or less and run machine for one hour. 

e Shut machine down and allow piston rod to cool down tc ambient 
temperature. 

e Run-in is now completed. 

© Put machine on line and set for desired operation. 


The purpose of this run-in procedure is to allow the TFE packing to 
warm up gradually and “flow” to the contour of the piston rod. The the- 
ory is that putting the machine on line, as one might have done in the 
past, just “melts” and burns the packing so it can never seal. 


Removal of piston rod packing consists of these steps: 


1. Remove crosshead guide side covers. 

2. Position compressor piston at extreme crank end of its stroke. If the 
packing case does not require removal, it is not necessary to discon- 
nect the piston rod from crosshead. 

3. Remove crosshead diaphragm packing 

4, Remove crosshead diaphragm—Figure 5-16—and move diaphragm 
toward crosshead as far as possible. 

5. Disconnect piping from the packing case flange. 

6. Remove nuts from flange studs and slide case from pocket in cylin- 
der head. 

7. Remove nuts that hold flange and packing cups together and slide 
flange toward crosshead. 

8. Separate packing cups, then remove garter springs and packing ring 
segments. 


Packing Cleaning and Inspection. Clean all metal parts in a suitable sol- 
vent and dry thoroughly with a lint-free cloth. Inspect all parts for 
cracks, breaks, scoring and wear. Inspect for weakened garter springs. 
Do not break the corners where any two surfaces of a packing ring set 
match. Do not file TFE packing. 
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Figure 5-16. Typical nonlubricated crosshead diaphragm and compressor packing. 


Inspect the piston rod for evidence of damage. If new packing rings are 
to be installed, check the rod for wear and misalignment. All minor de- 
fects in the surface of the rod should be removed by lapping. If the rod is 
deeply scored, or if shoulders are present, the rod should be refinished or 
replaced. 

Inspect the surface of the cylinder head against which the packing 
rests. It should be cleaned and free of defects. 

Special size packings may be required for undersized rods. 


Pressure Breaker Ring.The pressure breaker ring is sometimes used to 
stabilize the pressure in the packing case during the suction and discharge 
cycle. This prevents damage to packing rings and garter springs due to 
the shock effect of the differential pressures involved. 


Anti-Extrusion Rings. Since filled TFE components do not have the physi- 
cal strength of their metallic counterparts, anti-extrusion rings are used 
with TFE packing. Their primary purpose is to prevent, as a result of 
pressure, the extrusion of the packing ring between the packing case and 
piston rod. The metallic anti-extrusion ring also helps to dissipate heat 
from the packing ring to the piston rod and packing cup. 

The general practice is to allow .010 to .015 in. diametrical running 
clearance between the anti-extrusion ring and the piston rod. 
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A word of caution: In each cup having 3-ring construction with a radial 
cut ring as part of a sealing element and a radial cut anti-extrusion ring, 
the radial cut sealing element when assembled on the rod will have clear- 
ance at its joints and is to be placed nearest the pressure source when 
positioned in packing cup. The anti-extrusion ring when placed on the 
rod will not have clearance at its joints, will be free to turn on the rod and 
is placed farthest from the pressure source when positioned in the pack- 
ing cup. 


TFE Packing Installation. When servicing and installing piston rod pack- 
ing, the following points should be observed to help prevent packing fail- 


ure: 


1. 


10. 


11. 


The cups, rings, and piston rod must be clean. When assembling 
packing on the rod, cleanliness is imperative. Dirt on the ring seat- 
ing surface will cause the rings to stick, and dirt on faces of cups 
will throw the packing case out of line and permit leakage between 
cups. 


. The faces of the cup must be parallel. 
. Position the packing gasket or O-ring in the bottom cup or cylinder 


as applicable. Always use a new packing case gasket or O-ring at 
this location. 


. The face of the pocket on which the packing case gasket seats must 


be clean and free from burrs or scars to provide a flat seat for the 
packing. 


. Position the pressure breaker ring in the bottom cup, if applicable. 
. If water cooling is used, see that O-ring seals are properly in- 


stalled. 


. Position the next cup on piston rod and butt it against the bottom 


cup. Install the radial ring, tangential ring, and anti-extrusion 
ring, if applicable. See that alignment dowels are properly 
aligned, if applicable. 


. Make sure packing rings are assembled so that match-marks are prop- 


erly aligned and that the proper side of the ring is facing pressure. 
Refer to Figures 5-14 and 5-15. 


. Continue installing packing rings, one at a time, until the complete 


packing is in place. 

Tighten the packing case stud nuts evenly to assure proper sealing. 
Refer to parts list drawing for tightening recommendations, if 
given, or torque recommendations. 

While tightening the packing check with feelers between the bore 
of the packing case gland and the piston rod to be sure packing is 
being centered over rod. After the case has been installed, the 
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clearance between the rod and the bore of packing case should be 
checked with the compressor piston at both ends and in the center 
of its stroke. 

12. After installing the packing case, connect the oil, vent and coolant 
lines where applicable. 


Cylinder Honing. After an accident a cast iron cylinder can often be salvaged 
by honing it. Table 5-1 reflects the operations involved. This procedure can 
be practiced in the shop as well as in the field. It is applicable to both com- 
pression and power cylinders. 


Reciprocating Unit Preventive and Predictive Maintenance 


In Volume 2 of this series and in the preceding pages we described how 
reciprocating machinery of the type shown in Figures 5-1 and 5-2 as well 
as large diesel engines and other large internal combustion engines lend 
themselves uniquely to preventive and predictive maintenance activities. 
We would like to conclude this section by listing some of the important 
steps in preventive and predictive measures around reciprocating units. 
Here, in summary of most of the foregoing, is what should be regularly 
done for maximum unit availability. For safety’s sake, remember: “Don’t 
touch, just look.” 


Lower Portion 
Foundation 


© Correct a loose grout problem as soon as possible. Use an oil-resis- 
tant grout, normally a resin epoxy. Refer to Volume 3 of this series 
for details. 

© Make sure torque on foundation bolts is adequate. 

® Look for any movement between engine base and grout. If any is 
found, consider fixing with rails and shims. 

® Check compressor cylinder supports and bottle wedges. Confirm 
that all support and bottle wedges are tight and have not been broken. 
If any are found to be loose or broken, confirm that distance piece 
studs have not broken. 


Base, Frame and Crankshaft 
© Take main-bearing bridge readings and crankshaft-deflection read- 


ings periodically to detect misalignment problems early. Record web 
deflections. 


Table 5-1 
Routing of Field/Shop Honing of Reciprocating Compressor Cylinder 
No. Operation Description 
1 Wash out cylinder. Thoroughly wash cylinder with kerosene or varsol: remove all de- 
—___ Ci ast of carbon and oi, 

2 Dry cylinder. Dry cylinder with a clean, lint-free rag. 

3 Determine condition. Check cylinder to determine exact honing requirements. 

4 Remove build-up and Cylinder Has Been Scored to Depths of Over 0.0057: Use a coarse 
dress down cylinder. stone (#136) to remove the extra build-up and dress down the cyl- 

inder walls; leave a depth of 0.002” to be finished with a #236 
stone. 
Scoring Is Less Than 0.002” 
Deglaze cylinder 

5 Deglaze cylinder. To deglaze use a #236 stone or a #200 series stone—follow proce- 
dure outlined in Step 9. 
Using Stones: All stones must be used dry on cast iron cylinders. 
Keep stones and guide blocks together, and use as sets; never use 
the same pair of guide blocks with different sets of stones. 
Hone Driving Motor: For best results, use an air-driven slow 
speed drill (250-400) rpm). The drill must have right-hand rota- 
tion, and have a 3/4” or larger chuck size. 

6 Insert and expand Insert and expand stones and guides firmly against cylinder walls 
stones and guides by turning clockwise the winged collar on the hone. Note: During 
against cylinder walls. this adjustment stones should not extend more than '/2” out of the 

cylinder. 

7 Hone cylinder. a. Push stone to bottom of cylinder; allow stones to go through 
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lower end of the bore ¥/2° to 1”. 

b. Start stroking at bottom of cylinder using short strokes to con- 
centrate honing in the smallest and important section of cylin- 
der. 

c. Gradually lengthen stroke as metal is removed and stones con- 
tact higher on cylinder walls. Stroke all the way to top of cylin- 
der; maintain a constant steady stroke of about 30 cycles per 
minute. 

Cylinder Condition—An excellent indication of cylinder condition 

is speed of the drill. A reduction in drill speed during honing indi- 

cates a smaller diameter; localize stroking at such sections umtil 


drill speed is constant over at least 75% of cylinder length. 


9 


Check for cylinder ap- After free stroking (including no binding) for approximately one 
pearance. minute, remove stone and check for cylinder appearance. 
Finished Cylinder—For ideal seating, finished cylinder should in- 
dicate a diamond-shaped hatch pattern as follows: 
For Bronze Piston Rings: 24-30 micro-inches. 
For Tefion Rings: 16-20 micro-inches. 
DO NOT OVER-HONE. If finish is too fine, oil consumption will 
be excessive. Use roughness comparators to check finish. 
Clean Cylinder Use a soap and water solution to remove small particles off the 
cylinder and hone stone which would cause rapid wear. 
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© Check Condition and Clearance of Main Bearings. Inspect bottom of 
crankcase for signs of bearing materials. Visually inspect each main 
and crank bearing for signs of bearing failure without removing. Use 
this information as a guide to determine additional work, if any. 
Measure and record radial clearance on all main and crank bearings. 
Use feeler gauge and/or dial indicator gauge with jack as needed. 
Determine that all lateral lines from main oil header to bearings are 
in good shape and that each fitting connection is tight. 

© Check Flywheel for Tightness on Crankshaft. Torque all flywheel 
bolts. Visually inspect contact area for fretting. If fretting is occur- 
ring, remove flywheel, clean and inspect contact surfaces. Reassem- 
ble and torque all bolts. 

© Check Condition and Clearance of Crosshead Slippers. Visually in- 
spect each crosshead slipper for signs of bearing deterioration. Use 
feeler thickness gauge to check clearance between upper slipper and 
crosshead guide without removing. Record this clearance. 

© Check Condition and Clearance of Crosshead Pin and Bushing. 
Without removing, visually inspect crosshead bushing for signs of 
deterioration. Using dial indicator and bar, shift crosshead and re- 
cord movement or slack in bushing. If excess clearance is found, pull 
pin and bushing as needed. 


Upper Portion/Cylinders 


© Check Condition and Clearance of Power Piston Articulated Pin 
Bushings. Visually inspect bushings for signs of deterioration. Use 
dial indicator and bar to measure clearance. If excessive clearance is 
indicated, change out bushing and/or pin. 

© Check Camshaft and/or Layshaft Drive Chain. Adjust idler to tighten 
chain when needed. 

© Check Water Pump Drive Chain Tightness. 

© Check Lobes, Camshaft, or Crankshaft. It is not intended that any 
disassembly of the camshaft box be made to complete this preventive 
maintenance step. Instead, only measure and record the normal lift 
of the valve stem at the top of each power cylinder head. Measure- 
ment is visual, using a steel scale. Observation of such measurements 
should be recorded to the nearest 1/16 in. Note: “Normal” or “stan- 
dard” lift should be the same for all valves for a specific model and 
type engine. Deviations from this value are an indication of worn 
lobes on the camshaft, and appropriate repair steps should be initi- 
ated. 
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@ Inspect Power Cylinders with Boroscope.* Remove spark plug or 
gas/air injection valve. Insert boroscope into cylinder, and examine 
cylinder wall, valves and/or ports for abnormal conditions. 

© Check Condition and Clearance— Master Rod Bearings. Visually in- 
spect bearing for signs of deterioration. Check bearing clearance 
with dial indicator and jack. 


Valves 


© Check Fuel Gas Injection Valves. One could plan that a spare set of 
valves would be installed once each year under this preventive main- 
tenance step. Valves removed would be repaired as needed and then 
warehoused for another unit, or for the next changeout. 

© Check Air Starting Valves. It could be planned that a spare set of 
valves would be installed once each year under this preventive main- 
tenance step. Valves removed would be repaired as needed and then 
warehoused for the next unit, or for the next changeout. 

© Check Compression on All Power Cylinders. Remove spark plugs, 
insert compression tester, rotate engine, and record compression 
pressure on each power cylinder. This test confirms condition of 
rings and/or valves. Repair as needed. 

© Run Bridge Gauge on Power Valves. Use special bridge gauge avail- 
able from engine manufacturer, and with thickness gauge, determine 
amount of wear of existing valve. 

® Turbocharger—Clean Blades and Inspect Bearings. Remove existing 
turbocharger and install spare. Disassemble existing turbocharger 
and repair as needed. 


Compressor 


© Inspect Compressor Piston Rod. After removing distance piece cov- 
ers, visually inspect or feel with hands the compressor piston rod for 
signs of wear or scuffing. 

© Inspect Compressor Valves—Suction and Discharge. Ail suction and 
discharge valves should be removed from the cylinder, tested with a 
solvent, repaired as needed, and returned to the cylinder. 

© Inspect Compressor Piston Rings. Remove compressor piston from 
cylinder and confirm that compressor piston rings are in good oper- 
ating condition. Measure amount of wear on each ring; if wear is ex- 
cessive, replace rings. 


* Endoscope 
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e Inspect Compressor Piston Ring Lands. While piston is out of cylinder 
inspect and measure width and depth of compressor piston ring grooves 
and record measurements. See also Figure 5-17. 

e Inspect and Measure Compressor Cylinder. During the previous steps, 
use inside micrometers to measure wear on compressor cylinder bore. 
Measurements at three points along the axial length of piston travel, and 
both vertically and horizontally at each point, should be made. Record 
all six inside diameter measurements. See also Table 5-2. 


Oll System 


© Clean Crankcase Breather System and Engine. Clean all foreign ma- 
terials from vent line. 

© Change Crankcase Oil—Engine. 

© Change Governor Oil. Drain and replace oil in reservoir with recom- 
mended oil. 

© Change Oil Filter—Turbocharger. 

© Check and Record Turbocharger Oil Pressure. 


Routine Checks and Adjustments 


1. Check Compressor Piston Rod Packing. Visually inspect packing 
box for excessive gas leak. Be certain that distance piece covers 
are replaced, and that vents and drains are working properly. 

2. Run Vibration Check—Turbocharger. Complete with special 
equipment. 

3. Inspect Rocker Arms and Push Rods. Visually inspect to be certain 
they are properly lubricated and each shows no excessive wear. 

4. Adjust Lifters. 

© Solid Lifters. Adjust tappet to allow for proper clearance. See 
manufacturer’s recommendations in engine operating manual. 

© Hydraulic Lifters. Physically examine each lifter to be certain 
that each is operating on a hydraulic cushion. Be certain that lifter 
is operating near mid point of full range travel. 

5. Check Timing. Set ignition timing per manufacturers recommen- 
dations to achieve maximum fuel gas economy. All ignition 
magnetos should be equipped with adjustable cradle to permit tim- 
ing change without engine shutdown. 

6. Check, Clean, and/or Change Spark Plugs. Check plugs with 
spark indicator to be certain that proper spark is generated and 
plug is not grounded. Clean existing plugs with abrasive blast and 
reset gap. 
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7. Balance Power Cylinders. Prior to completing this step, confirm 
that engine timing is satisfactory; fuel gas pressure is normal; 
scavenging air pressure is normal; and lifters are operating nor- 
mally. Use Pi meter and/or BMEP* indicator to balance load on 
each power cylinder by adjusting fuel gas valve. Be certain that at 
least one power cylinder fuel gas valve is fully open when work is 
completed. 

8. Check Safety Shutdowns. Refer to safety shutdown test manuals 
for procedures to be followed in testing each shutdown. Be certain 
all appropriate test information is included on the test sheets. 


* BMEP = Break Mean Effective Pressure 


CYLINDER NO. ASSET NO. 
COMP. NO. 
DATE ——_—__—_ PROCESS 


CRANK END 





CYLINDER 
CYLINDER DIAMETER — 
A - HORIZONTAL in. jinn B - HORIZONTAL {n. /mm 
A ~ VERTICAL in, Jon B - VERTICAL in, /om 








Groove £1 2 KH 
CRANK END 


PISTO:1 

PISTON DIAMETER — 
A in. /mm B in./mm Measure in 2 Directions 
A in. /mm 8 in./nm Measure in 2 Directions 


PISTON ANO RIDER RING GROOVE OLNENSTONS 


Groove #1] in./mm in./mm side 


PISTON RING DIMENSIONS 


in. /mmn An, /iem 











clearance wide thick 
Groove #2 $9. fom to-fam side tn dam trl 
Groove 3 in. fem clearance” ‘ries thtee 
Groowe tam ‘sa’ "i 
PISTON ROO OLAMETER AT PACKING AREA Anches/mn 
PACKING CLEARANCE (Pressure) inches/mm (Side Clearance) 
PACKING CLEARANCE (Wiper) inches/mm (Side Clearance) 
NOTE: Identify and }ist bearing clearances and rod runout on back of sheet. 


Figure 5-17. Reciprocating Compressor Maintenance Data Sheet. 
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10. 
11. 
12. 


13. 


14. 
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. Turbocharger—Check Cooling Water AT. Monitor temperature 


rise of cooling water across the turbocharger and record. 

Service Auxiliary Belts and Bearings. This means that belts are 

tightened properly, all bearings greased or lubricated, and all 

sheaves are properly aligned. 

Change Oil Filter—Engine. 

Check Force Feed Lube System. Disconnect tubing at each lubrica- 

tion point and confirm that lube oil is reaching that point. 

Change and Clean Inlet Air Filter 

© Oil Bath Type. Change oil and clean reservoir. If differential 
pressure remains excessive, steam clean the mesh pads. 

e Dry Type. Change out filter elements. 

Run Jacket Water Analysis. If a laboratory is available, complete 

chromate analysis and determine pH of water. If a laboratory is 

not available, take quart sample of water to the nearest commer- 

cial laboratory for analysis. 


Part II 
Maintenance for Power 
Generation and 
Transmission 


Chapter 6 
Power Transmission Gears* 


Gear drives have always been a necessary part of industry. Conse- 
quently, since industrial personnel need to have a good working knowl- 
edge of gearing, some of the basic principles of operation, installation, 
lubrication, maintenance, troubleshooting, and repair of power transmis- 
sion gears are outlined in this chapter. 

Four basic types of gears comprise most of the heavy duty industrial 
gearing in use today. Therefore, due to time and space limitations, the 
main gear types covered here are the most common ones used to transmit 
high torques: single and double helical, spiral bevel, and spur gearing. 
However, most of the information presented here can be applied to other 
gear types with slight modification. 


Introduction 


Gears are among man’s oldest and best recognized mechanical devices. 
They create the impression of positive action—coordinated, interlocked, 
precise effort to secure a desired result. Gears were once primarily used 
for navigation, timekeeping, grinding, etc. Now, the automobile trans- 
mission is probably the most common use of gearing that the everyday 
citizen sees. 

Gears are machine elements that transmit motion by means of success- 
fully engaging teeth. Of two gears that run together, the one with the 
larger number of teeth is called the “gear.” The “pinion” is the gear with 


* By James R. Partridge, Chief Engineer, Gear Division, Lufkin Industries, Inc., 
Lufkin, Texas. Reprinted by permission. 
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the smaller number of teeth. A rack is a gear with teeth spaced along a 
straight line and is suitable for straight-line motion. Many kinds of gears 
are in general use. For each application, the selection will vary depend- 
ing on the factors involved. One basic rule of gearing is that to transmit 
the same power, more torque is required as speed is reduced. The torque 
is directly proportional to speed, and therefore, the input and output 
torques for power transmission are directly proportional to the ratio if 
efficiency is neglected. 

Gears are usually used to change the speed of the driven equipment 
from that of the driver, to alter the direction of power flow, or to change 
rotation direction. In very few cases are the most efficient design speeds 
of a driver and driven machine identical. Probably the most common ex- 
ample we see of this is the modern automobile where we use gearing to 
change both the speed and the direction of power flow from the engine to 
the wheels. In this case, the reciprocating engine would be extremely 
large should gearing not be available to change the speed. 

Today’s best reason for using gearing is to conserve energy due to its 
scarcity and high cost. In most cases, more efficient drivers and driven 
machines can be used when a gear is available for a better speed match. 
For instance, steam turbines operating at speeds available for reciprocat- 
ing compressors would be very inefficient. In addition, the use of gears 
enables a reduction in the size of driving and/or driven machines and 
comparable conservation of materials since higher-speed machines tend 
to be smaller than lower-speed ones for the same amount of work pro- 
duced. 

Other reasons for using a gear unit are to change the direction of power 
flow and to change the direction of rotation between the driving and 
driven machines. Were gears not available to perform all of these impor- 
tant functions, designing and constructing compact, efficient machinery 
systems would be virtually impossible. Gearing gives the engineer the 
flexibility to make the machine system fit the job, not the other way 
around. The power loss of 1.25 to 4.0 percent is a small price to pay for 
the advantages obtained. 


Gear Types 
Some of the common gear types are listed below: 


1. Spur—Cylindrical in form and operate on parallel axes (See Figure 6- 
1). The teeth are straight and parallel to the axis. 

2. Helical—Cylindrical in form and have helical teeth—teeth set at an 
angle to the axis (See Figure 6-2). 
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Figure 6-1, Pair of spur gears and spur rack. 
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Figure 6-2. Pairs of single helical and double helical gears and helical rack. 
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Figure 6-3. Single-enveloping and nonenveloping wormgearing. 


3. Single-helical—Have teeth of only one hand or direction on each gear 
(See Figure 6-2). 

4. Double-helical—Have both right-hand and left-hand helical teeth on 
each gear and operate on parallel axes (See Figure 6-2). These are also 
known as herringbone gears. 

5. Wormgear—Mate to a worm (See Figure 6-3). A wormgear that is 
completely conjugate to its worm has line contact and usually is cut by 
a counterpart of the worm. Some forms of hourglass worms and gears 
are called double-enveloping. A spur gear or helical gear used with a 
cylindrical worm has only point contact. 

6. Wormgearing—Includes worms and their mating gears (See Figure 
6-3). The axes are usually at right angles. 

7. Straight Bevel—Have straight tooth elements which, if extended, 
would pass through the point of intersection of their axes, which are 
usually at right angles (See Figure 6-4). 

8. Spiral Bevel—similar to straight bevel but have teeth that are curved 
and oblique (See Figure 6-5). 


There are many types of gearing: hypoid, Zerol, face, angular bevel, 
elliptical, planetary, and crossed helical. Each of these types occupies a 
unique place in the world of gearing. Of these types, the most used is 
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probably the hypoid since it is the main drive gear in an automotive dif- 
ferential. 

Worm gears and straight bevel gears have limited application due to 
size limits on bevels and sliding velocity limits on worm gears. Spur 
gearing is also limited since, for a given situation, it must be much larger 
than helical gearing to transmit the required horsepower, and in addition, 
it is not well suited for higher speed applications. Spur gears are very 
common for high torque low speed drives such as kilns, ball mills, and 
sugar mills. 


STRAIGHT BEVEL SKEW BEVEL 
GEARS GEARS 





Figure 6-4. Drawing illustrating straight and skew bevel gear sets. 
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Figure 6-5. Spiral and Zero! bevel gears and pinions. 
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Figure 6-6. Spur gear and rack terminology. 


Gear Terminology 


Figures 6-6, 6-7, 6-8, and 6-9 illustrate the standard terminology often 
referred to in the world of gearing. Every gear user should be familiar with 
at least some of the terms represented in these figures. The following is a 
brief listing of the definitions of some of the more commonly used gearing 
terms: 


1. Addendum—7he radial distance between the pitch circle and the 

addendum circle. 

2. Addendum Circle—The circle which bounds the outer ends of the 
teeth. Usually referred to as outside diameter. 

3. Angle of Action—The angle through which the gear turns from 
the time a particular pair of teeth come into contact until they go 


out of contact. 
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Figure 6-7. Helical gear and rack terminology. 


4. Angle of Approach—The angle through which the gear turns 
from the time a particular pair of teeth come into contact until they 
are in contact at the pitch point. 

5. Angle of Recess—The angle through which the gear turns from 
the time a given pair of teeth are in contact at the pitch point until 
they pass out of mesh. 

6. Backlash—The difference between tooth thickness and the space 
width in which the tooth meshes. The different backlash terms are 
normal backlash, transverse backlash, radial backlash, and axial 
backlash. 

7. Base Circle—The circle from which the involute tooth form is 
generated. 

8. Base Pitch—The distance measured along the base circle from a 
point on one tooth to the corresponding point on the adjacent 
tooth. 
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Figure 6-8. Bevel gear nomenclature (axial plane). 
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Figure 6-9. Gear tooth nomenclature (transverse plane). 


9. Bottom Land—Surface of the bottom of the tooth space. 

10. Chordal Addendum—The distance from the outside diameter to 
the point where chordal thickness is measured on the pitch circle. 

11. Chordal Thickness— The straight line thickness of the gear tooth 
measured on any circle. Usually measured on the pitch circle un- 
less otherwise stated. 

12. Circular Pitch—The distance measured along the pitch circle 
from a point on one tooth to the corresponding point on an adja- 
cent tooth. 

13. Clearance—The radial distance between the working depth circle 
and the root circle. Also, the distance by which the tip of the tooth 
of a particular gear will clear the bottom land of the mating gear. 

14. Cone Distance— (bevel gears) The distance along the pitch cone 
from the apex to any given point on the tooth. 

15. Contact Ratio—The ratio of the length of the line of action to the 
base pitch. 

16. Dedendum—The radial distance from the pitch circle to the root 
circle or to the root diameter. 

17. Dedendum or Root Circle—The circle that bounds the bottom of 
the teeth. Usually referred to as root diameter. 
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18. 
19. 


20. 


21. 
22. 


23. 


25. 


26. 


27. 


28. 
29. 


30. 


31. 


32. 
33. 
34. 


35. 
36. 
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Diametral Pitch—The ratio of the number of teeth per inch of 
gear pitch diameter. 

Face of the Gear or Face Width—Width of a gear measured 
along an element of a tooth of a spur gear or the width of the pitch 
surface measured axially. 

Flank—The surface of the tooth between the addendum circle and 
root fillet. 

Gear—The larger of two meshing gear elements. 

Helix Angle—The angle between the tooth on a gear and the axis 
of rotation measured at the pitch circle. 

Lead—The amount a tooth would advance in one complete revolu- 
tion along the tooth helix. 

Lead Modification—The manufacture of a gear with a modified 
helix angle to account for the bending and torsional deflection of 
the teeth under load. 

Line of Action—A line drawn tangent to the base circles of a pair 
of mating gears. All points of contact between mating teeth lie 
somewhere on this line. 

Mounting Distance— (bevel or hypoid gears) The distance from 
the intersection of the two axes of the gears to a locating surface 
on one of the gears. 

Normal— The term applied to dimensions of the tooth made per- 
pendicular to the tooth flank. 

Pinion—The smaller of two meshing gear elements. 

Pitch—A measure of the spacing and usually the size of a gear 
tooth. 

Pitch Circle—The circle formed in the transverse plane by the 
point on each tooth at which the meshing action is purely rolling 
with no sliding. The pitch circles of two mating gears are tangent 
to each other. It is the base measurement of a gear. A gear size is 
the diameter of its pitch circle. 

Pitch Cone—(bevel gears) The cone with the intersection of the 
axes of two mating gears as its apex and the pitch circle of a gear 
as its base. 

Pressure Angle—The angle the line of action makes with a line 
drawn perpendicular to the line of gear centers. 

Spiral Angle— (spiral bevel gears) the angle formed between a 
tooth on a gear and the axis of the gear. 

Thickness of Tooth—The thickness of a gear tooth measured 
along the pitch circle. 

Top Land—The surface of the top of the tooth. 

Transverse— Measurements made in the plane of rotation of the 
tooth. 
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37. Width of Space—The tooth space width measured along the pitch 
circle. 

38. Working Depth—The radial distance from the addendum circle 
to the working depth circle. The depth of engagement of two mat- 
ing gears. 

39. Working Depth Circle—The imaginary circle on a gear formed 
by the deepest points of the tips of the mating gear teeth as the 
gears pass through mesh. 


How Gears Work 


Figure 6-10 is a cross section of a pair of gears in mesh. This cross 
section is in the transverse plane (plane of rotation) and applies to spur, 
helical, or spiral bevel gears. All contact is along the line of action, 
which is the heavy broken line. Note that the pressure angle, which is 
often referred to on gears, is measured between a perpendicular to the 
line of centers and the line of action. All contact will be on the line of 
action normal (perpendicular) to the tooth profile; it commences at point 
“A” and is completed at point “B.” The relationship between the length 
of the line of action and the base pitch is referred to as the transverse 
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Figure 6-10. Transverse section through a gear and pinion in mesh. 
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Figure 6-11. Ball bearing (assembled). 


contact ratio. For instance, if a gear has a contact ratio of 1.45, this 
means that 45 percent of the time two teeth are in contact in the trans- 
verse plane and 55 percent of the time one tooth is in contact. For helical 
and spiral bevel gears, additional teeth are in contact in the axial plane at 
all times due to the helix or spiral angle. 

When trying to troubleshoot problems with gears, a good point to re- 
member is that the action between gear and pinion profiles is both rolling 
and sliding. The only point on the tooth profile that has pure rolling is on 
the pitch line, and all other areas have a combination of rolling and slid- 
ing. The sliding velocity is greatest at the tip, decreasing to zero at the 
pitch point, and increasing again toward the root. 


Bearings 


Bearings of all types are used to support gear rotors. The types most 
generally used are: 


1. Ball Bearing—Generally used for lighter load and higher speed appli- 
cations. Can also handle moderate thrust loads. (See Figure 6-11.) 
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Figure 6-12. Straight roller bearing with inner race taken out of bearing assembly. Note 
roller shape. 


2. Straight Roller Bearing—Aighest radial load capacity for the 
space used. Limited allowable shaft deflection through bearing—sel- 
dom used for thrust. (See Figure 6-12.) 

3. Spherical Roller Bearing—Very common in large drives where 
large misalignment capability or medium thrust capacity or a combi- 
nation of both is required. Often applied as a combination radial and 
thrust bearing. (See Figure 6-13.) 

4. Tapered Roller Bearing—Very common in all gear drives. High 
radial and thrust capacity. Often supplied as a pure thrust bearing. 
(See Figures 6-14 and 6-15.) 

5. Plain Journal Bearing—Sliding type of bearing. Works on either thin 
film or hydrodynamic film lubrication. Usually made from bronze, zinc, 
or babbitt-lined steel or bronze and may be either solid cylindrical or 
split shell. The rolled insert type is also common. (See Figure 6-16.) 

6. Modified Plain Journal Bearing—Can be modified for high speed 
stability by cutting in a pressure dam, making an elliptical bore, or 
cutting in longitudinal grooves. (See Figure 6-17.) 
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Figure 6-13. Double row spherical roller bearing with inner race and roller/cage assembly 
turned to show roller form. 





Figure 6-14. Tapered roller bearing with outer race removed from inner race and 
roller/cage assembly to demonstrate roiler shape. 
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Figure 6-15. Tapered roller thrust bearing—carries thrust loads only—disassembled. 





Figure 6-16. Plain journal bearing halves, disassembled. 
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Figure 6-17. Modified journal bearing half with pressure dam cut into bearing bore. 


7, Tilting Pad Journal Bearing—Consists of several babbitted bearing 


segments (five is probably the most common number) that are free to 
pivot in the circumferential direction. Is generally used for high speed 
shaft stability. (See Figure 6-18.) 


8. Hydrostatic Journal Bearing—Uses oil pressure to lift the shaft so 


that there is almost no wear. Loaded half has pressurized pockets to 
generate oil film. 


9. Flat Face Thrust Bearing—Similar in construction to the plain jour- 


nal bearing except has flat babbitted face to absorb thrust. Will not 
develop a hydrodynamic film on face. Can be used in all speed 
ranges. (See Figure 6-19.) 


10. Tilting Pad Thrust Bearing—Sometimes referred to by the trade 


name Kingsbury. Has a number of babbitted tilting shoes to absorb 
thrust. Can be designed with a self-equalizing (load sharing) feature. 
(See Figures 6-20 and 6-21.) 


Roller bearings are almost always applied to lower speed applications. 
However, they can be designed for extremely high speeds where rela- 
tively light loads are involved. 

Journal-type bearings are used for almost all applications, from rail- 
road axles to extremely high speed turbines. They have infinite life if 
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Figure 6-18. Tilting pad journal bearing halves and shoe (disassembled). 





Figure 6-19. Flat face thrust bearing halves with radial oil grooves cut in face. 
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Figure 6-20. Tilting pad thrust bearing, shoe and collar (disassembled). 








Figure 6-21. Cross-sectional drawing of tilting pad thrust bearing installed on low speed 
shaft of gear unit. 
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there is no starting and stopping, adequate clean oil is supplied, and the 
speed is high enough to generate a hydrodynamic oil film. The journal 
bearing can easily be manufactured in a split configuration for effortless 
removal. Also, it can be repaired with a roll of solder and an acetylene 
torch when absolutely necessary, and machined in almost any shop where 
an engine lathe of sufficient size is available. 

Unlike some machine bearings, gear bearings have imposed operating 
loads in addition to loads due to rotor weights. These operating loads are 
directly proportional to the transmitted torque, and since gears are basi- 
cally constant torque machines, the bearing loads are basically constant. 
Figure 6-22 is included to show the approximate bearing load directions for 
speed reducers and increasers with single stage gearing. Bearing load magni- 
tude and direction can be determined from many handbooks and are differ- 
ent for each type of gearing. Thrust loads are produced by both single helicai 
and spiral bevel gearing; the direction of thrust changes with the direction of 
rotation. 


Installation 
Handling 


A gear unit should always be moved by rolling on bars or skates or by 
lifting it with slings through the lifting lugs or eye bolts found on all gear 
units. Never lift or sharply pound on the shaft extensions or lubrication 
piping as serious damage may result. 

Most manufacturers’ gears are test run with a break-in oil that contains 
a rust preventive which will protect the internal parts for at least six 
months under normal storage conditions after they leave the factory. Do 
not store gear units outdoors unless covered. If the inoperative period is 
greater than six months, special treatment is required (see “Inoperative 
Periods” under “Lubrication”). 


Foundation 


The foundation under a gear unit has great bearing on the unit’s opera- 
tion and life. First of all, proper alignment is absolutely essential for 
long, trouble-free operation, and obviously, to maintain the alignment re- 
quired for satisfactory operation, the gear unit must be securely mounted 
to a suitable rigid foundation. Two of the more commonly used founda- 
tions are the concrete foundation and soleplate combination, and the 
common bedplate (baseplate). 

The concrete foundation and soleplate combination is semi-permanent 
and thereby allows for the removal of the gear housing at a later date 
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Figure 6-22. Bearing loading directions for gear and pinion bearing, speed increasers and 
reducers. 


without disturbing the permanent mounting pad. The elevation of the 
concrete foundation should allow for final grouting of the machinery 
once accurate alignment of the shafts is complete. Most manufacturers 
recommend that a minimum of 1/16 in. of shims be used between the gear 
and soleplate to allow for final alignment. 

The common baseplate or bedplate is a rigid structural steel foundation 
common to both the gear unit and either the prime mover or the driven 
equipment. This type of foundation is quite permanent. The gear manu- 
facturer occasionally supplies the baseplate with the gear roughly aligned 
to the prime mover or driven equipment. In this case, final alignment is 
necessary after the baseplate has been grouted in. 


Mounting of Couplings 


Before attempting to mount the coupling, inspect the coupling bore and 
shaft diameter with a micrometer to determine that the coupling bore and 
shaft are correct. Also, inspect the key and keyseat for proper fit, making 
certain that the key sits at the bottom of the shaft keyway and that there is 
clearance at the top of the key. If the keyway extends past the coupling 
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hub, the key should be split on the protruding end to fill only the keyway 
to maintain proper shaft balance. 

If an interference fit is used, heat the coupling hub uniformly until 
there is sufficient clearance to place it on the shaft. It is important that the 
coupling be heated uniformly and that care is taken so that localized spots 
are not overheated (maximum 500°F). An ideal way to do this is by using 
a heated oil bath. In placing the coupling hub on the shaft, do not pound 
directly on the coupling with a steel hammer, but use lead or rawhide 
mallets so as not to damage the coupling hub or shaft. A temporary 
spacer block placed between the coupling hub and the gear housing is 
helpful in preventing the coupling hub from sliding too far onto the shaft. 

Many gear drives are being furnished with keyless, hydraulic dilation 
coupling-hub-to-shaft fit. These coupling hubs must be properly mounted 
and fitted to develop enough torque-carrying capacity between the shaft 
and hub. The amount of advance on the shaft is dependent on the amount 
of taper and transmitted load. Improper mounting can cause these hubs to 
turn on the shaft and destroy the fit. In some cases, repair is not possible 
and the gear or pinion is destroyed. Obtain instructions from the vendor 
for the particular keyless coupling fit before mounting; also, refer to the 
section on coupling installation in Chapter 9, Volume 3 of this series. 


Basic Installation Procedures 


Generally, after a suitable foundation has been laid and coupling hubs 
mounted, an installation procedure should start with securing the driving 
or driven machine (whichever is more permanently settled) and rough- 
aligning the gear unit to it. Jacking screw holes are provided on the base 
flange for bringing the gear unit to the same horizontal plane as the con- 
necting shaft. Once there, the gear unit should be supported on broad, 
flat shims located adjacent to and on each side of the foundation bolt 
holes. Next, move the unit on its shims until the gear shaft is in the same 
vertical plane as the connecting shaft with the correct spacing between 
coupling hubs. 

At this point, the operating positions of driven and driving shafts, 
which will be different from the cold static positions, should be antici- 
pated, and desired cold positions for each established based on that infor- 
mation. Final alignment is established by moving the shaft of the ma- 
chine that is not tied down from its present cold position to its desired 
cold position by adjusting the machine very slightly at the base. 

After final cold alignment is achieved and before tightening the foun- 
dation bolts, be sure that the base sets evenly on all shims so that there 
will be no distortion when the foundation bolts are fastened. After tight- 
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ening the bolts, check for distortion by placing a dial indicator on the 
gear housing foot near the bolt to be checked. If the housing foot moves 
when the bolt is loosened, then distortion is present, and the housing 
needs more shims around the bolt. The gear housing should be checked 
for distortion using this method at each foundation bolt. 

After the gear unit is properly aligned to the first component and bolted 
down free of distortion, a soft blue tooth contact check should be per- 
formed. If the contact pattern is satisfactory, then proceed with the instal- 
lation. However, in the event that the soft blue check indicates poor tooth 
contact, shaft and coupling alignment and housing distortion should be 
rechecked before proceeding with installation. 

Before operating the gear unit, dowel it to the base or soleplate as rec- 
ommended by the manufacturer, leaving room to redowel if necessary. 
Doweling a gear unit before operating is very important since, as a gear 
unit is heated and cooled, it will crawl on the mounting surface and an 
alignment change may result. If instructions are not available from the 
manufacturer, dowel the unit under the shaft for which alignment is the 
most critical. 

After doweling the gear unit, apply layout blue to the teeth as directed 
for a hard blue tooth contact check, and then start the unit up and operate 
it for a short period of time. NOTE: Care should be taken in joining the 
two coupling halves to observe any coupling match marks. Lubricate the 
coupling and check for free axial movement of pinion and gear. After 
shutting the unit down, check the tooth contact pattern as evidenced by 
the wear-off of the bluing. If a satisfactory contact pattern is obtained, 
proceed with installation. However, should the contact pattern be poor, 
corrective measures should be taken as recommended by the manufac- 
turer before going on with installation. 

At this time, a hot alignment check should be made by running the gear 
package until temperatures stabilize, shutting it down, and taking indica- 
tor readings while the gear package is hot. Any corrections necessary 
should be made while the unit is still hot. After complete correct hot 
alignment is obtained and before the package cools off, the gear unit 
should be redoweled to the foundation or base. When final coupling 
alignment has been established and the gear has been redoweled, place 
the coupling guards in position. Warning: Failure to use coupling guards 
may result in serious injury to personnel. 

Succeeding the installation of the gearbox, the installation of the third 
machine element should follow along the same basic lines. Again, after 
alignment has been completely finalized, coupling guards should be in- 
stalled for protection. 

When the entire machinery package has been completely and satisfac- 
torily installed, it should be started up and operated. Special attention 


Power Transmission Gears 247 


should be paid to several checks that need to be made before and after 
start-up to help ensure trouble-free operation. During the first day or two 
of operation, special emphasis should be focused on bearing and oil tem- 
peratures and on housing and shaft vibration to catch any potential prob- 
lems. 


Alignment 


Securing proper shaft alignment is one of the most important phases of 
setting up a gear unit. Even though flexible couplings are used on the 
shaft extensions, any appreciable amount of misalignment can cause a 
multitude of gear problems ranging from nonuniform bearing and gear 
tooth wear to vibration and coupling problems. Therefore, it is essential 
that good alignment be established and maintained and that thermal 
growth and bearing clearances be anticipated in shaft alignment. 

Gear units experience both thermal and mechanical movements when 
they are operating under load. The thermal movements are due to tem- 
perature changes, both environmental and operational. Mechanical 
movements are due to internal gear loads causing the shafts to move 
within the bearing clearances; in severe cases, operating torques and 
thrust loads may also distort the housing causing apparent shaft move- 
ment. All of these factors should be accounted for when aligning a gear 
to other equipment. 

As is evident, machinery alignment is one of the most important fac- 
tors contributing to satisfactory gear operation. However, it is too com- 
plex a subject to be covered in full detail in this chapter. Although the 
following discussion of alignment procedures is very brief, it does cover 
the high points and give a good general procedure that may be followed. 
The reader should refer to Volume 3, Chapter 5, for a more complete 
description of current alignment practices. 


Checking Indicator Arm Sag 


Prior to taking indicator readings for coupling alignment check, the 
spanner arm that clamps to the shaft and supports the indicator arm and 
indicators must be checked for possible gravity sag. This spanner device 
must be rigid enough to minimize deflection due to the weight of the arm 
and indicators. This check can be made by using the following method, as 
illustrated in Figure 6-23. 


1. Rotate clamp while attached to shaft; observe change in outside di- 
ameter indicator reading at 90° positions. 
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Figure 6-23. Checking indicator arm sag. 


2. When changes in indicator readings dictate, reduce sag by keeping 
‘“G” dimension as short as possible, using light-weight indicators, 
and using one indicator at a time. 


Establishing and Checking Final Alignment 


An acceptable method of establishing and checking alignment in the 
ambient condition is by clamping a spanner arm to one of the shafts (shaft 
“B” in Figure 6-24) and spanning the indicator arm across to the malting 
shaft or coupling hub. For flanged couplings, use two dial indicators for 
reading outside diameter and face alignment as illustrated in Figure 6-24. 


(Other types of coupiings may require set-up variations.) Proceed in the fol- 
lowing manner: 


1. Perform check for indicator arm sag (see Figure 6-23 and related 
section). 

2. Record approximate “R” dimension. 

3. Record ambient temperature. 
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Figure 6-24. Coupling alignment. 


4. Hand rotate shaft “B” around shaft “A.” Always rotate the gear 
shafts in the direction they will turn under load. Do not reverse ro- 
tation during alignment check. 

5. Record the outside diameter and face indicator readings at 12 
o’clock, three o’clock, six o’clock, and nine o’clock positions. 
Shift shaft “B” into the same relative axial position prior to each 
face reading; that is, with prize bar, move shaft axially in one direc- 
tion until all axial clearance is removed. 

6. Correct alignment as needed. Consider the anticipated thermal and 
mechanical movements as discussed on page 257. 


Shaft Operating Positions 


At operating load and temperature, the final positions of the shafts of a 
gear unit will differ from their positions under no load and ambient tem- 
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Figure 6-25. Static and running positions of shaft centers in a gear unit. 


perature. This phenomenon, illustrated in Figure 6-25, is due to thermal 
expansion of the gear housing, and the magnitude and direction of the 
mechanical loading imposed by the gear action. The driven and driving 
machines also have thermal movements which must be either added to or 
subtracted from the gear movements, depending upon the directions of 
those movements. 


Axial Shaft Positioning 


Normally, gears are located axially in the gear housing by thrust bear- 
ings. These thrust bearings are located on either side of the slow speed 
gear. Sufficient clearance is usually provided to allow for normal thermal 
expansion of both the high and slow speed shafts. However, if axially 
rigid couplings are used or excessive thermal expansion is anticipated, 
additional clearance can be provided by the manufacturer. 

Usually, during alignment procedures, the slow speed shaft should be 
axially positioned as far toward its mating shaft as possible before the 
coupling clearance is obtained. However, if the prime mover is an elec- 
tric motor that has a magnetic center, the magnetic center should be lo- 
cated and the gear positioned so there is equal clearance on either side of 
the magnetic center. Similarly, limited end float couplings are sometimes 
used to axially position the driving shaft. Here the running position 
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should be determined and the clearance split on either side of that run- 
ning position. On single helical gears, the gear and the pinion both are 
equipped with thrust bearings; consequently, this procedure applies to 
each. 

For double helical gearing with a thrust bearing on the low speed shaft, 
care must be taken when axially locating the high speed pinion. This is 
accomplished by moving the pinion as far as possible in both directions 
axially and measuring this movement. The pinion is then centered, and 
this is the resulting alignment position. For units running at elevated tem- 
peratures, the axial growth of the pinion must also be taken into account. 


Thermal and Mechanical Movement 


Thermal movements of gear shafts are caused by both environmental 
and operational temperature changes, whereas mechanical movements 
are caused only by internal gear loads which force the shafts to move 
within the bearing clearances. Figure 6-25 shows the positions of the 
journal centers for a single stage gear after the gear unit reaches operat- 
ing temperature and load. To properly determine the operating positions, 
it is necessary to calculate the operating loads and the gear weights, com- 
pute the movements due to these mechanical forces, and then add these 
movements to those due to the expansion of the gear housing caused by 
the elevated operating temperature. When the alignment procedure is 
started, these mechanical and thermal movement values should be calcu- 
lated and recorded on a worksheet and kept for future reference. 

Thermal movement can be calculated by multiplying the coefficient of 
thermal expansion (.0000065 in. per in. per °F for ferrous materials) by 
the distance involved (either vertical height or horizontal offset) and by 
the anticipated temperature rise above ambient. Normally, the tempera- 
ture rise will range from 30 to 70°F when an ambient temperature of 60 
to 70°F is present. Before making an assumption on the direction of ther- 
mal expansion, the location of the dowel pins which hold the gear mount- 
ing feet on the base or soleplate must be established. All movement is 
calculated assuming a properly fitted dowel pin and is away from the pin. 

Mechanical movement must be estimated from bearing clearances and 
directions of rotation. A rough rule of thumb for estimating mechanical 
movement is to assume a minimum running clearance of .003 in. or .001 
in. per in. of shaft diameter, whichever is greater, at the bearing. This 
should only be used for journal, straight roller, spherical roller, and dou- 
ble row tapered roller bearings. For single row tapered roller bearings, a 
clearance of .003 in. can be assumed for all shaft sizes. If possible, the 
mechanical movements should be obtained from the manufacturer of the 
gear unit. 
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Figure 6-26. Example of thermal movement. 
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Figure 6-27. ideal cold alignment example. 


In the example illustrated in Figure 6-26, the thermal and mechanical 
movements have been determined as .007 in. vertical and .002 in. horizontal 
toward the gear. Using these values, the cold indicator reading should be as 
shown in Figure 6-27. In this example the assumption is made that the pump 
remains in the ambient condition. If this supposition is not true, the indicator 
readings must be corrected for the pump movement. 
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Tooth Contact Check 


In gearing, a gear tooth must have an even load across the entire face 
width if the stress on that tooth is to be minimized. The type of contact 
between gear teeth is instantaneous line contact; therefore, the alignment 
between the rotating elements (pinion and gear) is critical. The alignment 
is controlled by the accuracy of the rotating elements, the housing, and 
the bearings. Twisting the housing either during shipment or because of 
poor foundation conditions will cause poor tooth contact; incorrectly in- 
stalled rotating elements or bearings will cause poor contact, and of 
course poorly manufactured parts will also cause poor contact. There- 
fore, tooth contact should be checked on all new installations, after any 
disassembly of the gear unit, and after any housing-to-foundation 
change. 


How to Check Tooth Contact 


Gear tooth contact can be checked two ways. Soft machinist’s blue or 
transfer blue can be applied to the teeth of one gear and that gear rolled 
by hand through mesh with its mating gear. The transfer of the blue from 
one gear to the other is read as the contact. Another method is to paint the 
gear teeth with hard blue or layout blue and run the gear unit for a short 
while. Then stop the unit, and observe the pattern of “wear-off” of the 
bluing. The term “bluing” is used for convenience. Some of the layout 
dye or layout blue used is red in color. Some people claim that using this 
color makes it much easier to see the contact pattern. 

The soft blue method of checking gear tooth contact is usually done 
first. Since the unit is not running, this check does not give true contact. 
It does, however, give a good indication of what contact will be. If it 
indicates poor contact you may choose not to start the unit until the con- 
tact is corrected. If the unit has been disassembled, then a soft blue check 
before the housing cover is installed may save you a tear-down later to 
correct contact. This is especially important if a new set of rotating ele- 
ments is installed. 

Soft blue is usually applied to three or four teeth on the pinion in two 
places 180° apart. The contact should be checked at three or four places 
around the gear; however, you must reapply and resmooth the blue on the 
pinion after each meshing. If time is very critical, two checks at 90° 
apart on the gear will suffice. 

First of all, clean the teeth thoroughly with solvent, and spread the blue 
on thinly and evenly. A one in. wide good quality paint brush with the 
bristles cut off to a length of about one in. makes a good blue application 
brush. The blue still will not be even enough, so with a shop rag smooth 
it to a very thin and even layer. If the gear set is double helical, center the 
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pinion and gear meshes. If the gear set is single helical, position the pin- 
ion and gear against their proper thrust faces. Now hold a drag on the 
gear and roll the pinion blue area through mesh with the gear. Rotation 
direction is not important in itself but should be adhered to, since it is 
important to check the loaded tooth flank and not the unloaded tooth 
flank. Now observe the blue that transferred from the pinion to the gear. 
This transfer is the contact pattern. An acceptable contact pattern for hel- 
ical gears without lead modification is blue transfer for approximately 70 
to 80 percent of the length of the tooth on each helix. 

A piece of cellophane tape can be used to remove this blue pattern from 
the gear and save it for maintenance records. After the check, place a 
piece of tape on the gear tooth flank and press it firmly on the tooth. 
Remove the tape, and then place the tape on a clean sheet of white paper. 
Be sure to record where the check was made. The exact position should 
be marked on the gear using a light punch mark on a part of the tooth 
checked that will not be contacting another tooth surface. 

Hard blue or layout blue, the second method of checking tooth contact, 
is sprayed or brushed on both the gear and the pinion. First clean the 
areas to be blued thoroughly. Just cleaning with a solvent such as naphtha 
is not sufficient, since this procedure will not completely remove the lu- 
bricant. Additional cleaning with a volatile solvent such as electrical con- 
tact cleaner, or lacquer thinner is necessary. If the teeth are not absolutely 
free of oil, the blue will not adhere properly, and large flakes will chip off 
making the contact check difficult or impossible. 

The layout blue is applied to a three or four-tooth-wide area at three or 
four places on the gear and at two on the pinion. The unit is then started 
and run at full speed. Running conditions may vary from no load to full 
load. The best procedure is to run the unit at a very light load (approxi- 
mately 20 percent of full load if possible) for twenty minutes or so and 
then shut down and check the contact. With higher loads you should run 
the unit a shorter time before checking contact. The trick is to run the 
unit just long enough to wear the blue off the areas of lower contact 
stress. High loads can mask poor contact and give false readings by de- 
flecting the gear teeth enough to indicate better contact than that actually 
present. 

If the soft and hard blue checks show satisfactory contact, operate the 
unit at full load until temperatures have stabilized in the system. Shut the 
unit down, and re-check the blue wear-off to be sure the contact is still 
acceptable. 

If poor contact is indicated by the soft or hard blue checks or both, 
housing distortion and coupling alignment should be checked. In addi- 
tion, any corrective measures recommended by the manufacturer should 
be taken before proceeding with installation. 
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Helix Angle (Lead) Modification 


Many wide face width single and double helical gears have helix angle 
modifications to correct for torsional twist and bending deflections of the 
teeth due to operating loads. When these modifications are made, the he- 
lix angles on two mating gears are purposely cut differently so that they 
will be the same when the gear teeth deflect as the design load is applied. 
In some cases, only the ends of the teeth are relieved (end ease-off), or a 
gentle curve is cut into the tooth flank (crowning). 

In cases where the helix angles have been altered, the face contact will 
not approach the 70 to 80 percent usually recommended on nonmodified 
leads. Therefore, when modified leads are furnished, it is necessary to 
determine from the manufacturer what blue transfer or wipe off is ex- 
pected under different load conditions. Figure 6-28 illustrates possible con- 
tact patterns for double helical gears with and without modified leads under 
no load conditions. Several possible contact patterns for single helical gears 
under no load conditions are depicted in Figure 6-29. 


Spiral Bevel Tooth Contact 


The tooth contact checking procedure for spiral bevel gears is the same 
as that described for helical gears except the expected contact pattern is 
different. Spiral bevel gears are generally manufactured in matched sets, 
and the contact will vary with the mounting position. These gears are 
usually mounted on tapered roller bearings with shims to make it possible 
to position the gear and pinion axially and thereby to obtain proper tooth 
contact. Figure 6-30 illustrates one contact pattern to be expected on spiral 
bevel gears. 


Doweling 


After completing the alignment procedures and before starting the 
drive, install dowel pins as specified by the manufacturer. To start a unit 
and allow the temperature to change without the dowel pins in place will 
cause misalignment; alignment cannot be maintained without pinning. 

Each drive train should be evaluated, and the best dowel pin locations 
should be determined. Most manufacturers furnish starter holes for the 
dowel pins, and they have selected what they feel is the best location for 
the zero movement point on the gear unit. A good rule to follow is that on 
high speed units, the dowel pins should be located as near as possible to 
the high speed pinion since this shaft has the most critical coupling align- 
ment. Many large, heavy duty, low speed high torque units will require 
the dowel pins be placed under the low speed output shaft since this shaft 
has the most critical alignment point. On a unit which has rigid couplings 
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Figure 6-28. Typical tooth contact patterns for double helical gearing under no load. 


oOo m moow> 


. Perfect tooth contact, no modification. 

. Gear with end ease-off modification (slight crowning)—acceptable. 

. Gear with crowning modification—acceptable. 

. Gear shafts slightly out of parallel—acceptable. 

. Gear shafts out of parallel—not acceptable—must be corrected before operating gear 


unit. 


. Gear shafts out of parallel—not acceptable—must be corrected before operating gear 


unit. 


. Ifno lead modification, gear or pinion or both miscut—not generally acceptable—one 


or both parts should be corrected before operating gear unit. Will result in premature 
wear and failure if not corrected. 


. If no lead modification, gear or pinion or both miscut—not generally acceptable—one 


or both parts should be corrected before operating gear unit. Will result in premature 
wear and failure if not corrected. 
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Figure 6-29, Typical tooth contact patterns for single helical gearing under no load. 


™ MOoOOW> 


. Perfect tooth contact, no modifications. 

. Gear with end ease-off modification (slignt crowning)— acceptable. 

. Gear with helix angle (iead) modification cut into part—acceptable. 

. No lead modification, gear shafts slightly out of parallel—acceptable. 

. No lead modification, shafts out of parallel—not acceptable—must be corrected be- 


fore operating gear unit. 


. No lead modification, shafts out of parallel—not acceptable—must be corrected be- 


fore operating gear unit. 
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Figure 6-30. Typical tooth contact pattern for spiral bevel gearing. 


on one shaft, this rigid shaft alignment will be the most critical, and dow- 
els should be installed under the rigid shaft. 

A gear unit should be redoweled after any housing-to-foundation 
change, no matter how slight. Proper location and installation of the 
dowel pins are essential to maintaining the good alignment and satisfac- 
tory operation of a gear unit. 


Hot Alignment Check 


After all components have run long enough to stabilize operating tem- 
peratures, a hot alignment check should be made as quickly as possible. 
The coupling halves should be separated, the alignment checked, indica- 
tor readings recorded, and any necessary corrections made before the 
shafts and machines cool down. After this initial hot alignment check is 
made, the unit should be redoweled to the foundation if any corrections 
were necessary. Then an additional hot alignment check should be made 
to ensure as correct an alignment as is possible. 
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Indicator clamps for bridging across the coupling sleeves and/or hubs 
should be installed as shown in Figure 6-3!. This method allows the final 
hot alignment check to be made without disconnecting the coupling halves. 
Since no two couplings can be aligned absolutely perfectly, suggested maxi- 
mum allowable runout values for use in alignment procedures are listed in 
Table 6-1. Proceed with the hot alignment check in the following manner: 


1. Record ambient temperature and oil sump temperature on work- 
sheet. 

2. Rotate shafts in the direction they were designed to operate under 
load conditions. 


FACE 
OUTSIDE INDICATORS | 
DIAMETER 


SHAFT "B™ 


SHAFT "A”’ 
(Most Permanent 
Machine} 


COUPLING CONNECTED 





Figure 6-31. Hot alignment check. 
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Shaft Surface 
Velocity, feet 
per minute 


5000 and up 
3000 to 5000 
1500 to 3000 
500 to 1500 
500 and down 


Table 6-1 
Recommended Maximum Allowable Runout 
During Coupling Alignment, In. TIR 


Maximum Allowable Run-Out, 


Inches, TIR 
Outside Diameter 
of Coupling Coupling Face 
.002 -0004 per in. of radius 
004 -0005 per in. of radius 
006 .0006 per in. of radius 
-008 .0008 per in. of radius 
.010 .0010 per in. of radius 


3. Record the approximate “R” dimension and the outside diameter 
and face readings at 90° intervals starting at 12 o’clock. NOTE: 
Readings and correction requirements should be noted before unit 
temperatures reach ambient conditions. 


NHDr 


a. Quickly install clamps and indicators at both couplings. 


. Correct alignment as needed before unit cools. 
. Redowel unit to foundation if necessary before unit cools. 
. Work machinery until operating temperatures are stabilized, then: 


b. Hand rotate shafts in the direction they will turn. 
c. Record the approximate “R” dimension and the outside diameter 
and face readings at 12 o’clock, three o’clock, six o’clock, and 
nine o’clock. 


NOTE: When aligning units with tilting pad journal bearings, it is espe- 
cially important that the shafts be rotated in one direction only during 


alignment. 


Checklist Before Startup 


Before startup, certain checks should be made to protect personnel and 
equipment. If a checklist written by the manufacturer is not available, the 
following list can be used as a guideline to develop a suitable procedure: 


1. Check the lubrication system for the correct type and quantity of 
oil. If a splash system is used, be sure the gears or slingers dip in 


oil. 


SNA 


oo 


9. 
10. 
il. 
12. 
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. If a pump is used, be sure that it is primed to minimize the time 


necessary to build up a positive oil pressure. Pressure should build 
up in 10 to 15 seconds. If pressure does not develop, stop unit and 
determine the problem. When an electric-driven oil pump or some 
other remote pump provides lubrication for the gear, it is a good 
idea to run that pump a few minutes prior to startup to provide 
initial lubrication during startup. 


. Check rotation. Be sure that the gear unit will rotate in the direc- 


tion for which it is intended. The shaft-driven oil pump is uni-di- 
rectional and must rotate in the direction indicated by the arrow. If 
the other direction of rotation is desired, it will be necessary to 
replace the pump with one of the opposite rotation from manufac- 
turer. 


. Make sure the gears have backlash. 

. Check for free turning of the shafts. 

. Check for correct coupling alignment. 

. Check to see that all necessary piping and accessory wiring is 


complete. 


. Check for correct water flow and temperature through the oil 


cooler. 

Check for foundation bolt tightness. 

Check tooth contact. 

Make sure there is running clearance around all moving parts. 
Warning: Coupling guards and inspection covers should be se- 
cured before startup. 


Checklist After Startup 


Each gear installation requires that different operating checks be made 
depending on the instrumentation furnished, the size of the unit, and how 
the unit is equipped. The following checklist can be used as a rough 
guide: 


1. 


Run gear unit at light load and reduced speed if possible while 
checking for proper lubrication. After the unit has been running ap- 
proximately 15 seconds, the oil should be circulating. If there is a 
noticeable drop in oil pressure on pressurized systems after several 
hours of operation, clean the oil filter. Occasionally, lint will clog 
the filter after initial startup. 


. Watch the bearings for a sudden high temperature rise which could 


indicate a bearing problem. In general, the bearing temperature 
should be no more than 50°F above the inlet oil temperature or a 
maximum of 195°F. These temperatures are very conservative and 
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may be exceeded on many high performance designs. If in doubt, 
refer to the instruction manual furnished with the gear. Also, mea- 
sured bearing temperature rise will depend on where and how the 
measurement is made. 

3. Run gear under full load and speed and check for unusual noise, 
vibration, oil temperature, and bearing temperature. After temper- 
ature stabilization, the oil temperature downstream from the oil 
cooler (if used) should generally be no greater than 140°F. How- 
ever, some special units are designed to operate with oil inlet tem- 
peratures up to 180°F or more. 

4. After the unit has run several hours (six or eight) under load, shut it 
down, check coupling alignment, tighten any bolts that may be 
loose, and recheck tooth contact. 


Vibration Levels 


A well manufactured and properly installed gear unit should run with 
very little vibration; actual vibration levels may vary depending on the 
type of foundation used. Expected vibration in terms of peak-to-peak dis- 
placement levels for gears on permanent foundations and in good condi- 
tion are shown in Figures 6-32 and 6-33 for the shafts and housings respec- 
tively. Housing vibration velocity levels can be measured on the bearing 
caps, and areas that may be in resonance should be avoided. In addition, 
vibration velocity levels can be measured on the housing; acceptable levels 
are shown in Table 6-2. Very low speed units with high shock loading can 
have vibration levels several times those shown in Figures 6-32 and 6-33 
and still be acceptable. Refer also to chapters on vibration monitoring in Vol- 
ume 3, and later in this volume. 


Acceleration Levels 


To monitor gear tooth condition using accelerometers, a reasonably 
stable area of the housing should be selected, such as a bearing cap. Re- 
cord base-line acceleration levels when the gear is in good condition if 
possible. Levels can be monitored continuously on a regular schedule. 
Slight changes will indicate that something in the system is different. 
Large increases at tooth mesh frequency will usually indicate gear wear 
or deterioration. 

Very often large increases in acceleration will indicate that changes 
have taken place in the alignment, bearings, or couplings, causing un- 
even loading on the gear teeth. If external forces are causing the change, 
early detection and correction can prevent gear failure. 

There are no good rules as to what are acceptable acceleration levels 
for gear drives. These levels will vary with design, installation, coupling 
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Figure 6-33. Expected maximum housing vibration levels (peak-to-peak displacement) with good alignment and balance for medium and high 


precision gearing. 
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Table 6-2 
General Guidelines for Housing Velocity Vibration Levels—Gear Units* 


Peak Velocity Level, Inch per Second (Ips)* 


High Speed, High Gear Units for 
Performance Gear Low Speed Drives, 
Units (e.g., per Extruders, Bandbury Vibration Classification 
API 613 Mixers, Reciprocating and 
Specification) Machinery, Etc. Recommended Actlon™™* 
Less than 0.1 Less than 0.2 Smooth; no correction necessary 
0.1 to 0.2 0.2 to 0.3 Acceptable; correction not neces- 
sary (wastes money) 
0.2 to 0.3 0.3 to 0.4 Marginal, action taken or not de- 
pending on circumstances 
0.3 to 0.5 0.4 to 0.6 Rough; planned shutdown for re- 
pairs 
Greater than 0.5 Greater than 0.6 Extremely rough; immediate shut- 


down necessary 


* The data in this table apply to gear units only; they are not applicable to other types of 
machinery. 
** The peak velocity levels listed represent housing velocity vibration levels as measured 
on the bearing caps of the gear unit. 
Vibration classifications and recommended courses of action listed in relation to peak 
housing velocity levels are intended as general guidelines for evaluation only. There 
are no absolutes in vibration severity analysis. All environmental factors, such as the 
peculiarities of adjacent equipment and the gear unit foundation, in addition to the 
basic characteristics of the gear unit itself, must be taken into account whenever at- 
tempting to evaluate vibration severity. 


eae 


types, gear accuracy, condition, and many other variables too numerous 
to mention. Acceleration levels will usually also vary with load, and to 
monitor trends, this variable must be accounted for. Furthermore, when 
measuring tooth mesh frequencies in the acoustic range, the mounting of 
the accelerometer is very important in that the accelerometer base and 
mounting can greatly influence the accuracy of the readings obtained. 


Gear Lubrication 


Gear lubrication is something to which gear suppliers have a lot of ex- 
posure, but most of their knowledge of this subject is secondhand. Very 
seldom do manufacturers have the opportunity to witness long-term lu- 
bricant performance. A maintenance crew may know more about lubrica- 
tion than a gear designer because gear manufacturers have an opportu- 
nity to be an integral part of lubrication selection and witness its 
performance only when a gear problem exists. Even when there is a 
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problem, the manufacturer cannot assume the fault lies with the lubrica- 
tion. Very often a gear problem may be due to unknown factors in the 
system, installation errors, or poor maintenance, and yet it appears as a 
lubrication problem. Also, poor manufacturing workmanship and engi- 
neering design can initially resemble lubrication problems. 


Lubricant Function 


Lubricants in gear units have basically two functions: to separate the 
tooth and bearing surfaces, and to cool these surfaces. On low speed gear 
units, the primary function is lubrication; on high speed units, the pri- 
mary function is cooling. This statement does not imply that both func- 
tions are not important but rather refers to the relative quantity of oil re- 
quired to perform each function. 

On low speed gear units, the quantity of oil necessary is determined by 
the amount required to keep the gear tooth and bearing surfaces wetted. 
On high speed units, oil quantity required is generally determined by the 
amount of heat loss (or inefficiency) in the bearings and mesh. As a gen- 
eral rule, one gallon per minute must be circulated for each 100 horse- 
power transmitted; this quantity would result in a temperature rise of ap- 
proximately 25°F. Higher horsepower units use a 40 to 50°F temperature 
rise and require 0.5 to 0.6 gallons per minute per 100 horsepower trans- 
mitted. These figures are based on the assumption of 98 percent gear unit 
efficiency. 


Modes of Gear Tooth Lubrication 


Three different lubrication conditions that can be present between the 
teeth of two meshing gear elements are boundary lubrication, hydrody- 
namic lubrication, and elastohydrodynamic lubrication. Depending on 
load, speed, temperature, tooth design, and tooth finish, any or all of 
these lubrication modes could exist in the same gear drive. The goal is to 
have either hydrodynamic or elastohydrodynamic lubrication present be- 
tween meshing gear teeth. Unfortunately, all too often boundary lubrica- 
tion is present and damage to the gear teeth results. In other words, gear 
life is determined by wear and consequently, by the mode. of lubrication 
present. 


Boundary Lubrication 


Boundary lubrication most often is found at slow to moderate speeds, 
on heavily loaded gears, or on gears subject to high shock loads. This 
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mode of lubrication exists when the oil film is not thick enough to pre- 
vent some metal-to-metal contact. This condition usually shows up as 
early wear and pitting on the teeth due to irregularities in the tooth sur- 
faces. When boundary lubrication is encountered, extreme pressure oils 
should be used to minimize wear and possible scuffing. 


Hydrodynamic Lubrication 


Hydrodynamic lubrication occurs when two sliding surfaces develop 
an oil film thick enough to prevent metal-to-metal contact. This type of 
lubrication usually only exists on higher speed gearing with very little 
shock loading. 


Elastohydrodynamic (EHL) Lubrication 


Elastohydrodynamic theory of lubrication is now accepted as very 
common in gear teeth. The formation of EHL films depends on the hy- 
drodynamic properties of the fluid and deformation of the contact zone. 
This flattening of the contact area under load forms a pocket that traps oil 
so that the oil does not have time to escape and results in an increase in oil 
viscosity. This increase makes possible the use of light oils in high speed 
drives and usually only occurs above 12,000 feet per minute pitch-line 
velocity. 


Lubricant Selection 


Six factors affecting lubricant selection for gear units are listed in Table 
6-3 along with the lubricant properties that should be considered in rela- 
tion to each. Viscosity is probably the single most important element in 
lubricant selection and is determined by load, speed, and temperature 
variations. All of these factors should be reviewed and evaluated to deter- 
mine the exact lubricant properties necessary for satisfactory gear per- 
formance. Final selection of the lubrication oil for the gear unit should be 
based on the best combination of all of the required lubricant properties. 


Lubricant Types 


A good rule to follow when evaluating the type of lubricant to use is to 
consider the least expensive one available that will perform well in that 
situation. If a specially blended type of oil is to be tried, determine its 
stability by selective use before making major changes. Lubricant fail- 
ures are expensive! 
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Table 6-3 
Important Gear Factors and the Lubricant Properties Related to Each* 


Factor Related Lubricant Property 
Load Viscosity 
EP Additives 
Speed Viscosity 
EP Additives 
Temperature Viscosity 
(Operating and Ambient) Viscosity Index 
Fluidity 
Oxidation Stability 
EP Additives 
Contamination Demulsibility 
Corrosion Protection 
Oxidation Stability 
Life Oxidation Stability 
Additive Depletion 
Compatibility Synthetic (Paint and Seals) 
EP Additives 
*Equivalent viscosities of different classification systems are included for reference only in 
Table 6-4. 


There are many brand name lubricants available on the market today, 
but all fall into five basic types. The following discussion is a brief sum- 
mary of the characteristics, advantages, and disadvantages of each of the 
different categories. 


Mineral Oils 


Mineral oils are still the most commonly used type of gear lubricant. 
Containing rust and oxidation inhibitors, these oils are less expensive 
than the other types, readily available, and have very long life. When 
gear units operate at high enough speeds or low enough load intensities, a 
type of mineral oil is probably the best selection. 


Extreme Pressure Additives 


Extreme pressure (EP) additives of the lead-naphthenate or sulphur- 
phosphorus type are recommended for gear drives when a higher load 
capacity lubricant is required. As a general rule, this type of oil should be 
used in low speed, highly loaded drives with medium operating tempera- 
tures. EP oils have the disadvantage of being more expensive and they 
must be replaced more often than straight mineral oils. Some of these EP 
oils have a very short life above a temperature of 160°F. 
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A good gear EP oil should have a Timken OK load above 60 lbs. and 
pass a minimum of 11 stages of the FZG test. The Timken OK test is 
considered acceptable for determining whether a lubricant has extreme 
pressure properties, but is considered questionable in evaluating levels of 
extreme pressure capacity. The FZG test is widely used in Europe for 
evaluating gear oils and is being used with increasing frequency in the 
United States. This test uses spur gears in mesh under load, and the 
amount of wear is determined by weight loss. The FZG test procedure is 
very sensitive to scoring and is considered capable of evaluating the ex- 
treme pressure properties of industrial lubricants. 

Boron compounds as EP additives are being tested, and these products 
show promise as extremely high load capacity lubricants. The com- 
pounds being tested exhibit Timken OK loads greater than 100 Ibs. and 
pass 14 stages of the FZG test. This type of additive is nontoxic and 
highly stable but sensitive to water. 


Synthetic Lubricants 


Synthetic lubricants are not usually recommended by gear manufactur- 
ers for general gear applications due to high cost, limited availability, and 
lack of knowledge of their properties. Nevertheless, they are used with 
good success in applications with extremely high or low temperatures, 
where fire protection is required, or where very high speeds or high wear 
rates are encountered. The user must be careful when selecting these lu- 
bricants since some of them remove paint and attack rubber seals. The 
new synthesized hydrocarbons (SHC) have many desirable features such 
as compatibility with mineral oils and excellent high and low temperature 
properties. They are excellent selections when EP lubricants along with 
high temperature operation are required. 


Compounded Oils 


Compounded oils are available with many different additives. The 
most commonly available is a molybdenum disulfide compound that has 
been successfully used in some gear applications. It is very difficult for a 
gear manufacturer to recommend these oils at this time since some of 
these additives have a tendency to separate from the base stock. In many 
instances, however, compounded lubricants are the only solutions to gear 
lubrication problems. These oils can be blended for extremely high load- 
carrying capacity and high temperature operation. Most of these “super” 
properties can be obtained, but sacrifices must be made in other lubricant 
properties such as life or corrosion protection. 
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Viscosity Improvers 


Viscosity improvers in gear drives should be used with great care. 
These polymer additives make great textbook improvements in the vis- 
cosity index and extend the operating temperature range of an oil. How- 
ever, these polymers are non-Newtonian fluids, and the viscosity of these 
fluids reduces with shearing. A gear drive is a very heavy shear applica- 
tion, and as a result, the viscosity is reduced rapidly if too much polymer 
is used. These lubricants are seldom recommended in long life gear 
drives. 


Methods of Supplying Lubricant 


Several different techniques of supplying lubricating oil to the gears 
and bearings in a gear unit are available to the gear manufacturer. The 
three primary methods in use today are splash lubrication, forced-feed 
lubrication, and intermittent lubrication. Each of these methods has iden- 
tifying characteristics which are described in the following sections. 


Splash Lubrication 


Splash lubrication is the most common and foolproof method of gear 
lubrication. In this type of system, the gear dips in oil and in turn distrib- 
utes that oil to the pinion and the bearings. Distribution to the bearings is 
usually obtained by throw off to an oil gallery or is taken off the sides of 
gear by oil wipers (or scrapers) which deliver the oil to oil troughs. 

When using the throw-off system, care must be taken that the operating 
speed is high enough to lift and throw off the oil. In this system, the mini- 
mum speed required may be determined using the following formula: 


n, = (70,440/d)° 
n, = Minimum speed, RPM 
d = Pitch diameter, inches 


Oil wiper systems can operate at much lower speeds, which are usually 
determined by test or through experience. 

The splash system can be used in gear units with up to 4,000 ft per 
minute pitch line velocity. Higher speed gear units can be splash lubri- 
cated with special care. 


Forced-Feed Lubrication 


Forced-feed lubrication is pressurized lubrication and is used on almost 
all high speed gear drives, on spiral bevel drives, and on low speed 


Power Transmission Gears 271 


drives when splash lubrication cannot be used due to gear arrangement. 
A simple forced-feed system consists of a pump with a suction line and 
supply lines to deliver the oil; the gear housing serves as the reservoir. In 
contrast to this simple arrangement, more complicated lubrication supply 
systems for high speed drives may include many of the following compo- 
nents: 


. Large reservoir 

. Filters (duplex or single) 

Shaft-driven pump 

Auxiliary pumps (motor- and steam-driven) 

. Heat exchangers (single or duplex) 

. Accumulators 

. Pressure control devices 

. Safety alarms and shutdowns (temperature and pressure) 
. Temperature regulators 

10. Isolation valves 

11. Heaters (steam or electric) 

12. Purifiers (to remove water and oxidation products) 
13. Flow indicators 


Many of these lubrication systems are well designed and constructed not 
only to lubricate the gears and bearings of the gear unit but also to enhance 
performance of the driving machine, gear unit, and driven machine. Figure 
6-34 illustrates one such system. 


Intermittent Lubrication 


Intermittent lubrication is exactly that: a system in which the lubricant 
is not available continuously but is supplied periodically to the gears or 
bearings, or both. This type of lubrication system is the least common 
and is primarily suited for low speed applications. Of the three methods 
of applying the lubricant—brushing or pouring, hand spray, and mechan- 
ical spray—mechanical spraying is by far the most commonly used. 


1. Brushing or pouring: In this method an extremely heavy lubricant is 
brushed or poured on the gears by hand. It is used when a pan or 
any form of flooded lubrication is impractical for gears operating at 
very low tip speeds. This lubricant can be applied either cold, if the 
viscosity allows, or hot when preheating is required for application. 

2. Hand spray: Pressure lubrication is obtained when the lubricant is 
placed in a container and sprayed similar to applying paint. This 
method is better than the brushing or pouring application as it pro- 
vides more uniform distribution of the lubricant. 
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Figure 6-34. Three views of high speed gear unit and turbine mounted on integral base- 
plate with complicated pressurized lubrication system which supplies oil to gear unit and 
turbine. Lube console consists of shaft-driven main oil pump, motor-driven auxiliary oil 
pump, dual oil filters, dual heat exchangers, relief valve, pressure and temperature gauges 
and switches, oil level switch, interconnecting piping, and all turbine, gear unit, and lubri- 
cation system instrumentation mounted on control panels. The oil reservoir is a drop-in 
type located in the baseplate. (Continued on next page.) 
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Figure 6-34. Continued. 


3. Mechanical spray: This is intermittent lubrication usually per- 
formed by an automatic timer where the oil is supplied to the gears 
or bearings in limited amounts at certain intervals. 


Lubrication of High Speed Units 


The oil furnished to high speed gears has a dual purpose: lubrication of 
the teeth and bearings, and cooling. Usually, only 10 to 30 percent of the 
oil is used for lubrication and 70 to 90 percent is used for cooling. 

For high speed gear units, a turbine-type oil with rust and oxidation 
inhibitors is preferred. This oil must be kept clean (filtered to 40 microns 
maximum, preferably to 25 microns), must be cooled, and must have the 
correct viscosity. Synthetic oils should not be used without the manufac- 
turer’s approval. 

For some reason, the high speed gear unit makes all the compromises 
when the oil viscosity for the machine system is determined. Usually a 
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viscosity preferable for compressor seals or bearings is selected, and 
gear life is probably reduced. The bearings in a gear unit can use the 
lightest oils available, but gear teeth need a much heavier, more viscous 
oil to increase the film thickness between the teeth. 

When lighter viscosity oils (such as light turbine oi] which has a viscosity 
of 150 SSU at 100°F) are necessary, inlet oil temperatures should be limited 
to 110 to 120°F to maintain an acceptable viscosity. In addition, the oil 
should be supplied in the temperature and pressure range specified by the 
manufacturer. See Table 6-4. 

In high speed gears with a pitch line speed of up to approximately 
15,000 ft per minute, the oil should be sprayed into the out-mesh. This 
procedure allows maximum cooling time for the gear blanks and applies 
the oil at the highest temperature area of the gears. Furthermore, a nega- 
tive pressure is formed when the teeth come out of mesh, and this pres- 
sure pulls the oil into the tooth spaces. 

Above approximately 15,000 ft per minute, 90 percent of the oil 
should be sprayed into the out-mesh and 10 percent into the in-mesh. 
This additional spraying of the in-mesh is a safety precaution to assure 
the amount of oil required for lubrication is available at the mesh. In ad- 
dition, for gears in the speed ranges from 25,000 to 40,000 ft per minute 
pitch line velocity, oil should be sprayed on the sides and in the gap area 
(on double helical types) of the gears to minimize thermal distortion. 

The primary detrimental effect of inadequate lubrication is scoring or 
scuffing (adhesive wear) which is caused when the oil film does not pre- 


Table 6-4 
Equivalent Viscosities of Different Lubricant Classification 
Systems (for reference only) 
Metric Equivalent 
Equivalent ASTM-ASLE Viscosity Ranges 
AGMA Grade No. Equivalent ISO cSt at 37.6°C 
Lubricant No. (Average SSU @100°F) Grade No. (100°F) 
Light turbine $150 32 28.8 to 35.2 
1 $215 46 41.4 to 50.6 
2, 2 EP $315 68 61.2 to 74.8 
3, 3 EP S465 100 90 to 110 
4,4 EP $700 150 135 to 156 
5,5 EP $1000 220 198 to 242 
6, 6 EP $1500 320 288 to 352 
7 Comp., 7 EP $2150 460 414 to 506 
8 Comp., 8 EP $3150 680 612 to 748 


8A Comp. 84650 1000 900 to 1100 
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vent contact between mating surfaces. Small areas touch each other due 
to load and surface irregularities. This results in welding of the two sur- 
faces. As sliding continues, these surfaces break apart and particles ad- 
here to the surfaces, causing rapid adhesive wear to occur. 

Gear lubrication at the present time is not a highly developed technol- 
ogy in general industrial applications, and as a result, the ultimate capac- 
ity of gearing is partially determined by lubricant load limits. Hopefully, 
a much higher capacity lubricant will be developed in the future that will 
solve our gear lubrication problems by generating thick films without the 
pitfalls now associated with the extremely heavy oils. However, today, 
due to the higher prices and disposal problems of lubricating oils, we 
must make greater efforts to obtain maximum benefits from the oils now 
available. 


Inoperative Periods 


In new gear units shipped from the factory, the rust inhibitor adhering 
to internal exposed surfaces should prevent corrosion of interior parts for 
at least six months. Exterior preservatives should last at least six months, 
but this protection will depend on handling and exposure to the elements. 
A new gear unit should be stored inside if possible, but if not, covered 
outside storage can be used. It is always a good idea to use a dry nitrogen 
purge during storage to prevent or minimize condensation inside the gear 
housing. 

When the recommended lubricant is used and the reducer has been op- 
erating for a period of time, the lubricating oil should protect interior 
parts for inoperative periods up to 30 days since most of these oils have 
rust and oxidation inhibitors added. 

If additional downtime or storage time is required, one of the following 
methods can be used to protect the internal parts of the gear unit: 


1. The unit can be operated for a short period of time every 30 days to 
redistribute the oil to the nonsubmerged parts and gain another 30 
days protection. 

2. If extended downtime is expected and it is impractical to spin the 
unit, a rust preventative oil should be brushed or sprayed on the 
gear teeth and bearings through the inspection opening. Any open- 
ing such as breathers or labyrinth seals should be sealed with mask- 
ing tape. A quality rust preventative oil should give 12 months pro- 
tection against corrosion when applied in this manner. This oil 
should be compatible with the operating oil, and it should not be 
necessary to remove the rust preventative when the unit is re- 


276 Major Process Equipment Maintenance and Repair 


started. When this method of protection is used, a dry nitrogen 
purge is recommended. 

3. For adverse conditions or very long term storage, seal all openings 
and fill the unit completely to the top with the lubricating oil. When 
the equipment is to be operated, the seals must be removed, and the 
oil level dropped to the proper operating level. 

4. The most permanent method for long term storage of equipment is 
to disassemble the gear unit and coat each part with a preservative 
such as Cosmoline® or an equivalent. Before the unit can be placed 
in service, special cleaning with solvents will be necessary to re- 
move all preservatives from the internals and the lube components. 


When a unit is inoperative, most gear manufacturers recommend that it 
be inspected every thirty days to six months depending on the method of 
protection. Any areas of the preservative not performing properly should 
be removed with solvent and recoated. 


Maintenance 


Gear unit maintenance, whether preventive or after-the-fact, is one of 
the most important aspects affecting satisfactory unit performance. Pre- 
ventive maintenance can help to keep problems from occurring. If they 
do occur, timely maintenance can prevent problems from getting worse 
and can even correct them in some cases if performed properly. 


Preventive Maintenance 


Good preventive maintenance habits will prolong the life of the gear 
unit and possibly help in detecting trouble spots before they cause serious 
damage and long downtime. Warning: When working near rotating ele- 
ments, be certain the prime mover is turned off and locked. The follow- 
ing schedule is recommended for most operating conditions: 


1. Daily Maintenance 
a. Check the oil level. 
b. Check the oil temperature and pressure against previously estab- 
lished norms. 
c. Check for unusual vibration and noise. 
d. Check for oil leaks. 
2. Weekly Maintenance 
Inspect oil filter for possible flow obstructions. 
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3. Monthly Maintenance 
a. Check operation of auxiliary equipment and/or alarms. 
b. Clean air breather. 
c. Check tightness of foundation bolts. 
d. Clean oil filter. 
4. Semi-Annual Maintenance 
a. Check gear tooth wear. 
b. Check coupling alignment. 
c. Check zinc pencils in heat exchanger. 
5. Annual Maintenance 
a. Check heat exchanger for erosion, corrosion, or foreign mate- 
rial. 
b. Check bearing clearance and end play. 
c. Check tooth contact pattern. 
d. Check condition of oil and change if necessary. 


Journal Bearing Maintenance 


The most commonly used journal bearings in high speed gear units are 
split, steel or bronze backed, babbitt-lined journal bearings; however, 
when operating speeds or loads make oil-whirl possible, the manufac- 
turer can use pressure dam journal bearings or some other type of stabi- 
lized bearing such as tilting pad journal, elliptical bore, or longitudinal 
groove bearing. The pressure dam bearing is designed for a particular 
direction of rotation; therefore, care should be taken at assembly to as- 
sure correct placement. The pressure dam grooves are normally found on 
the pinion bearings only. However, the gear bearings on some of the 
smaller units may also require pressure dam grooves in some cases. The 
grooves are positioned on the unloaded side of the bearing journal as shown 
in Figure 6-35. 

To axially locate the gear train and to take any nominal thrust created 
by external loads, the manufacturer normally uses flat face thrust bear- 
ings with radial grooves, tapered land, Kingsbury, ball, or tapered roller 
thrust bearings. In units with double helical or herringbone gearing, only 
one thrust bearing is required to locate the gearset as this type of gearing 
generates no external thrust. The thrust bearing is usually placed on the 
low speed shaft allowing the pinion to center itself with respect to the low 
speed gear. Where single helical, spiral bevel, or other types of gearing 
that generate external thrust loads are used, thrust bearings must be posi- 
tioned on each shaft. 

Carefully inspect bearings and journals for uneven wear or damage. If 
required, polish journals using belt-type crocus cloth and remove high 


278 Major Process Equipment Maintenance and Repair 


PINION GEAR 
-REDUCER_ 
BRG. LOAD 
A. CW ROTATION 
B. ® Cc’CW ROTATION S 
_INCREASER_ 
c. OS) C’CW ROTATION 
D. SD CW ROTATION Q 


Figure 6-35. Pressure dam bearing groove location. 


spots. Sleeve and thrust bearings should be thoroughly inspected for cor- 
rect clearance, high spots, flaking of babbitt, scoring, and wiping using 
the following procedures. 


Bearing Clearance 


The journal bearings used in high-speed gears must have clearance be- 
tween the shaft journal and the bearing. The amount of clearance neces- 
sary depends on the oil viscosity, the journal speed, and the bearing load- 
ing. Manufacturers’ engineers consider each of these parameters in 
calculating a bearing clearance that will produce hydrodynamic lubrica- 
tion as well as a flow of oil sufficient to cool the bearing. The required 
clearance for your particular unit may be found in the technical data fur- 
nished with the unit or may be available from the manufacturer. A rough 
rule of thumb (when better data are not available) is .001 in. per in. of 
journal diameter plus .0015 in. up to 9000 ft per minute journal velocity. 
Above this speed, clearance should be .002 in. per in. of journal diame- 
ter for shafts larger than 2.5 in. 
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Measurement of bearing clearances may be done by lifting the shaft 
and measuring the distance traveled by the shaft with a dial indicator. 
Also, feeler gauges or plastic gauge material can be used. Some wear 
should be expected, especially on a gear unit that is stopped and started 
or slow-rolled frequently. The bearing may be considered operational as 
long as the measured clearance does not exceed the design clearance by 
more than .004 to .005 in. for bearings in the 3 to 8 in. diameter range. 
This value for clearance increase is acceptable for most applications and 
can be used when the manufacturer’s recommendation is not available. 
Note: If high shaft vibration develops, this clearance increase may not be 
acceptable. 

The thrust bearing clearance provides room for the formation of an oil 
film between the bearing face and the gear hub and for thermal expansion 
of the shafting. Normally, wear of the thrust bearing is not very critical 
unless it is enough to cause loss of oil pressure in the lubrication system. 
Measurement of thrust bearing clearance wear may be done by pushing 
the slow speed shaft axially to one side of the unit, setting a dial indica- 
tor, and then pulling the shaft axially to the other side of the unit against 
the dial indicator. 

On gear units with double helical gearing where there is one thrust 
bearing located on the low speed shaft, the end play of the high speed 
shaft may be determined by holding the slow speed gear stationary and 
measuring the axial movement of the pinion against the gear. This value 
should be added to the thrust bearing clearance to obtain the total end 
play of the high speed shaft. When both the high speed and low speed 
shafts have thrust bearings, the high speed thrust bearing clearance may 
be measured in the same manner as the low speed. 


Bearing High Spots 


Evidence and location of high spots in the bearing are indicated by 
bright spots or areas. These spots are caused by wear resulting from a 
ruptured oil film around the high point. Bright spots should be lightly 
scraped and polished with fine steel wool or crocus cloth until they blend 
in with the rest of the bearing. Caution: Do not use sand paper. 

To check the bearing contact, install the lower half of the bearing in the 
housing with the journal and thrust face clean and dry. Check outside 
diameter of bearing with a .0015 in. feeler gauge to be sure the lower half 
is seated in the housing. Apply a light coat of soft blue to the journal and 
to each thrust face. The journal should show blue transfer for a minimum 
of 80 percent of bearing length. Thrust faces should show a minimum 
contact of 60 percent of load area. Contact may be spread out to the de- 
sired amount by removing high spots using a bearing scraper and fine 
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steel wool or crocus cloth for polishing. Repeat the checking process un- 
til the contact area is satisfactory. 


Flaking of Babbitt 


Flaking of babbitt in the loaded area of the bearing is caused by vibra- 
tion or shock loading of the bearing material, which causes the babbitt to 
fatigue and break loose from the steel shell. Not only do the flakes cause 
scoring as they pass through the bearing, but they also contaminate the 
oil. In the advanced stages of flaking, the load-carrying area of the bear- 
ing is destroyed, and the bearing must be replaced. However, if flaking is 
caught in the early stages, the bearing may be repaired by scraping and 
polishing. Whatever the case, the cause of vibration or hammering 
should be corrected before the unit is put back into service. 


Scoring 


Scoring is the scratching, or marring, of the bearing babbitt or the 
journal riding in the bearing, or both. It is caused by dirt or metal parti- 
cles present in the oil that passes through the bearing. A little scoring is 
not serious, and the bearing may be polished with fine steel wool to re- 
move any rough edges caused by scoring. Any foreign particles imbed- 
ded in the babbitt which could score the journal should be carefully 
picked out, and that area should then be polished smooth. Scoring be- 
comes serious when it significantly reduces the bearing area. In this case, 
the bearing should be replaced, and the gear unit drained and flushed out 
with a solvent. 


Wiping 


Wiping is the melting and wiping away of a spot or area of the babbitt 
due to the bearing temperature rising above the pour point of the babbitt. 
Abnormally high bearing temperatures can be caused by one or more of 
the following conditions: insufficient bearing clearances, insufficient oil 
pressure, excessively high oil temperature in the bearing, a high spot in 
the bearing, extreme bearing loading caused by poor bearing contact, or 
a gear mesh failure. If wiping is localized in a small spot, the bearing 
may be repaired by scraping and polishing the spot until it blends in with 
the remainder of the bearing; otherwise, the bearing must be replaced. 

Before replacing a wiped bearing, determine the cause of the wipe and 
take corrective measures. If new bearings are necessary, the following 
precautions should be taken: 
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1. Remove all nicks and burrs from the housing and bearing shell. 

2. Be sure that journal and thrust faces are free of nicks and high 
spots. These spots can be removed using a fine hone and polishing 
with crocus cloth. 

3. Obtain the proper bearing contact as described previously. 

4. After the bearings are fitted and the lower halves are installed in the 
housing, check the radial clearance using plastic gauge material 
available in most supply stores. Check thrust clearance by moving 
shaft axially in both directions while an indicator pointer is posi- 
tioned against the shaft. In many cases it may be necessary to use a 
small hydraulic jack to move the large gears axially to check the 
clearance. 


Rolling Element Bearing Maintenance 


Probably a majority of the gear units in factory operations use rolling 
element bearings to support the gear rotors and absorb the external and 
internal loads associated with gear drives. These bearings are extremely 
reliable and give long trouble-free service if they are not abused and are 
properly installed and maintained. The two primary disadvantages of 
rolling element bearings are that they are very seldom furnished split for 
ease of installation and they cannot easily be repaired or manufactured in 
local repair shops. 

Volume 3 of this series contains excellent data on the causes of bearing 
failure and describes proper failure analysis. Many factors can contribute 
to bearing failures in gears; however, most rolling element bearing fail- 
ures can be attributed to one or more of the following causes: defective 
bearing seats; misalignment; faulty mounting practice; incorrect fits; in- 
adequate lubrication; ineffective sealing; vibration, and electric current. 

Rolling element bearings should be inspected if practical for damage 
that could indicate incipient failure. However, as bearing inspection is 
not usually practical since the gear unit must be disassembled, special 
attention should be focused during routine maintenance and inspection on 
factors that can contribute to premature bearing failure such as the pres- 
ence of dirt in oil, oil condition and quantity, vibration, and electrical 
current. 


Defective Bearing Seats on Shafts and/or in Housings 


For bearings to have long trouble-free life, the thin inner and outer 
rings must be mounted on shafts or in housings that are as geometrically 
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true as modern machine shop techniques can produce. In other words, 
the shaft and bore must be round and free of taper and must completely 
support the inner and outer rings. Also, the sizes of each must be correct 
sO as not to reduce the internal clearances in the bearing nor allow the 
bearing to fret on the shaft or in the housing bore. When bearing fits are 
damaged, they should be remachined and returned to their original sizes 
by metalizing or plating. 


Misalignment 


Misalignment is a source of premature spalling of the bearing. This 
condition generally occurs when the inner ring of a bearing is seated 
against a shaft shoulder that is not square with the journal or when the 
outer ring is seated against a housing shoulder that is out of square with 
the housing bore. Also, misalignment can occur when the bores from 
side to side of a gear housing are not parallel and square to the centerline. 


Faulty Mounting Practice 


Faulty mounting practice contributes greatly to premature bearing fail- 
ure and usually results from abuse and neglect during the mounting pro- 
cedure. The most common faulty mounting practices are foreign matter 
in the bearing (not properly cleaned), impact damage during handling or 
mounting resulting in brinelling, and overheating when expanding the 
bearing to slip on the shaft. When heating a bearing for mounting, an oil 
bath should be used if available; if a torch is used, care should be taken 
not to overheat in one spot since localized overheating will actually 
soften the bearing material. 


Incorrect Shaft and Housings Fits 


A bearing may need to be fitted either with an interference fit or a slip 
fit on the shaft and in the housing depending on the conditions present. 
The degree of tightness or looseness in the bearing is governed by the 
magnitude of the load, the speed of the journal, and the arrangement of 
the bearing. In gear unit bearings, the inner ring usually rotates relative 
to the load, and therefore, it will have an interference fit on the shaft and 
a light slip fit in the housing. When it is incorrectly fitted, a bearing will 
creep on the shaft or in the housing and cause wear to the journal or the 
bearing seat. 
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Inadequate Lubrication 


Any load-carrying contact between the rollers and the inner and outer 
traces in a bearing requires the presence of lubricants for reliabie opera- 
tion. All bearing rollers undergo varying amounts of sliding motion in 
addition to the primary rolling motion present as they transmit the load 
between the inner and outer races. In addition, the rollers must carry the 
bearing cage as the bearing rotates, so they also slide on the bearing cage. 
This sliding motion can be very detrimental to a bearing unless the lubri- 
cant film is thick enough to prevent contact between the sliding parts. 

The viscosity of a lubricant is the most important characteristic of the 
oil either as oil itself or as the oil in grease lubrication. An oil with too 
low a viscosity allows metal-to-metal contact between the rollers and the 
inner and outer races, which results in bearing failure. Also, an insuffi- 
cient quantity of lubricant at medium to high speeds generates a tempera- 
ture rise which in turn can cause lubricant failure. Lubricant failure gen- 
erally causes surface damage in the bearing ranging from frosting to 
spalling, discoloration, glazing, or smearing. 


ineffective Sealing 


The effects of dirt and other abrasives in bearings can result in changes 
in bearing internal geometry. Freedom from abrasive matter is so impor- 
tant that some bearings for very high precision equipment are even as- 
sembled in air conditioned white rooms. In addition to abrasive matter, 
corrosive agents must be excluded from bearings. Water, acid, and other 
agents that deteriorate lubricants result in corrosion and premature bear- 
ing failure. Acids formed in the lubricant with water present etch the 
bearing surfaces and reduce the load-carrying capacity. 


Vibration 


Rolling element bearings exposed to vibration while the shafts are not 
rotating are subject to a damage referred to as false brinelling. This is 
usually indicated by either bright polished depressions at each roller or a 
corrosive type stain or fretting. The vibrating load causes minute sliding 
in the area of contact between the rolling element and raceways and sets 
free small particles of material that are oxidized and cause accelerated 
wear. Many bearing failures are probably caused by false brinelling 
which is never discovered since the unit is usually operated until the 
bearing is destroyed before it is inspected. 
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Passage of Electric Current Through the Bearing 


In certain applications where electrical machinery or electrical equip- 
ment is in use, there is the possibility that electric current will pass 
through a bearing. Current that seeks ground through the bearing can be 
generated from magnetic fields in the machinery or can be caused by 
welding on some part of the machine with the ground attached so that the 
circuit is required to be completed through the bearing. There are many 
other causes of this phenomenon varying from electrostatic discharge and 
belts to manufacturing processes involving leather, paper, or rubber. 

When the current is broken at the contact surfaces between rolling ele- 
ments and raceways, marking results; this marking produces localized 
high temperature, and consequently, the surfaces are damaged. This 
damage is usually manifested as very small pits in the raceways and the 
rollers. Very moderate amounts of electrical pitting do not necessarily 
result in failure that may cause bearing life to be reduced. Severe electri- 
cal pitting will cause almost immediate bearing failure when the machine 
is started. 


Gear Unit Disassembly and Assembly 


Due to the large variety of gear housing or enclosure designs, it is not 
practical to describe disassembly and assembly procedures for all differ- 
ent types. Alternatively, the basic steps involved and some important pre- 
cautions to observe will be discussed. 


Disassembly 


The first step in disassembly is to remove the housing cover. Be careful 
not to damage internal and external piping and instrumentation that may 
be routed from the housing to the cover. The upper halves of journal-type 
bearings also tend to stick in the cover half bores and may fall out as the 
cover is being lifted, thereby damaging the bearing halves. 

After the cover is removed, disconnect the internal instrumentation 
and remove the upper bearing halves if present. On antifriction bearings 
with bearing carriers or capsules, it may be necessary to either remove or 
support the carriers before removing the gear elements. 

Extreme care must be used when removing, lifting, and handling gear 
elements. Use soft slings and protect all gear surfaces when lifting and 
handling. Do not set gear or pinion on a hard surface if it is to be reused. 
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Preparation for Assembly 


Before assembling a gear unit, several steps should be taken to prepare 
it. These steps will help to ensure trouble-free, satisfactory operation of 
the gear unit after it is put back into service. 

First of all, remove all of the old split line sealant from the machined 
surfaces of the housing and cover. Also remove the excess sealant that 
ran into the bores and oil passages. Many bearings have been failed by 
the presence of excessive sealant or old sealant. As a final step in prepar- 
ing the split line, flat-file the machined surfaces to remove all sealant 
residue and nicks. 

While a gear unit is disassembled, try to keep any dirt or trash out of 
the housing and off the parts. In addition, before assembling the gear 
unit, ensure that the parts and housing are as free as possible of dirt and 
trash. If feasible, the gear housing should be washed down with solvent 
during assembly, then the system should be flushed with oil after assem- 
bly is completed. During the flushing procedure, the oil temperature 
should be raised to 110 to 140°F and the shafts rotated in both directions 
by hand to dislodge any trash. 

Cleanliness cannot be over-emphasized. With higher load and higher 
precision gearing, cleanliness is more important since very high preci- 
sion gears operate with a lubricant film thickness at the gear mesh of a 
few microns. Any minute piece of foreign material present can pass 
through the mesh and damage the gear teeth. Furthermore, journal type 
bearings operate with film thickness of less than .001 in., and any trash 
present will become embedded in the bearing, causing damage to the 
bearing and the shaft. Rolling element bearings are a little more forgiving 
of foreign material than journal bearings are since any foreign particles 
tend to pass through the bearing rather than embed in it. 

Before installing the bearings_in the gear unit, it is important to be sure 
that they fit down in the bores and that the bores do not crush the bearings 
at the split line. For journal type bearings, it is often necessary to fit the 
bearing outside diameter to the housing bore and also to fit the bearing 
inside diameter to the shaft journal. While fitting the bearing to the jour- 
nal and bore, gear tooth contact should be checked using the soft blue 
procedure. In the event of poor contact, the bearings should be refitted 
until the contact pattern is acceptable. 

One of the aspects most influential on the satisfactory operation of a 
gear unit is the handling of the rotating elements. Many gear sets have 
been destroyed or have required extensive rework due to improper han- 
dling. Before assembling gear elements in a housing, they should be in- 
spected visually and by feel for nicks and bruises. The importance of the 
sense of touch during this inspection should not be underestimated since 
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many small areas of damage can be practically invisible yet still very 
harmful. Remove all nicks and burrs present by stoning or filing lightly. 


Assembly 


The first step in assembling a gear unit is to place the bearings and 
rotating elements into the housing. Proper precautions should be taken 
during this procedure. When the bearings and rotating parts are placed in 
the housing, be sure all fits are correct and the bearings are properly 
seated in the bores. Recheck tooth contact with the soft blue procedure. 
Also, using the hard type of layout blue (spray or brush), coat three or 
four teeth at three locations around the gear. 

Next, apply a sealant to the machined split line of the housing. If a 
silicone-type sealant is used, care must be taken to prevent the excess 
from entering the oil system and clogging the orifices. If anaerobic seal- 
ers are used, make sure that the jacking screws are installed, since it may 
be very hard to disassemble the unit afterward. Do not use anaerobic ma- 
terials for pipe threads or for stud locking on the split line since the 
strength of these sealants may be so high that future disassembly may not 
be possible without damage. 

After applying the sealant, set the cover over the gearing, and insert 
taper pins or locating devices. Snug down bolts and studs by hand, and 
drive taper pins “home.” Check the alignment of the bores at the split line 
to be sure any offset is minimal. If offset is present, raise the cover and 
reassemble. An allowable amount of offset cannot be given since this 
value varies with the size and design of the gear unit. If the offset present 
seems too great and the unit cannot easily be rebored, correction can be 
made by scraping or sanding the bore from the split line up (approxi- 
mately 20 to 30°) to minimize the “pinch” on the bearings. Finally, 
tighten all bolts completely, and add end caps and auxiliary equipment. 

Before operating the reassembled gear unit, be sure to hand turn the 
unit if possible and check the coupling alignment. After operating the 
unit for a short time, check the tooth contact by observing the wear-off 
pattern of the hard blue. 

Use hands, ears, and available instrumentation to check for abnormal 
temperatures, noise, or vibration, especially during the initial period of 
operation. Observe the checklists for before and after start-up listed else- 
where. 


Troubleshooting 


The most common gear problems are noise, overheating, vibration, 
tooth wear, and tooth breakage. The following is a discussion of the most 
common causes of and remedies for each type of problem. 
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Gear Noise 


Unfortunately, gear units are a noise source. Manufacturers are work- 
ing on solutions, but they have not found any economical answers. Many 
factors, some of which are listed below, can contribute to gear noise. 
However, the causes are not limited to the items on this list. 


1. 


Tooth Spacing Errors—Spacing errors are usually caused by man- 
ufacturing problems, damage to the teeth during assembly/disas- 
sembly, or occasionally during operation when foreign objects 
pass through the mesh. The spacing error may cover only one 
tooth space or a number of tooth spaces. This type of error usually 
will cause a bumping noise or a cyclic noise with a frequency 
equal to the rotating speed of the gear or pinion with the spacing 
error. In most cases, the gear will just run roughly and have re- 
duced life. 


. Involute Error—Involute is the curve form used for the mating 


tooth surfaces. It is not necessary that the involute be “textbook” 
but the tooth flank curves must be conjugate, that is, matching. 
This error can occur when these surfaces are either manufactured 
incorrectly or destroyed by wear or scoring. 


. Surface Finish—Surface finish on gear teeth very seldom causes 


noise except in extreme cases of scoring or abrasive wear. 


. Lead Error (Helix angle error)—Lead error is only important if 


the leads (helix angles) of the gear and pinion are not matched. 
When the leads do not match, the gear may be quiet when new, 
and as wear occurs, the gear will become noisy. 


. Wear on Tooth Flanks—Wear only causes noise when it is severe 


and when the gear teeth do not wear evenly and maintain conju- 
gate action. 


. Pitting—Tooth flank pitting is not a great influence on noise un- 


less it is very severe. 


. Resonance—Exciting the natural frequency of gears, shafting, 


housing, or supports can produce high noise levels. The most 
troublesome resonances tend to be in the housings and support 
bases and can sometimes be corrected with additional stiffening. 


. Tooth Deflections— Under load, teeth deflect and tend to lose their 


conjugate forms. Gear manufacturers modify the involute form so 
that under load, interference does not occur, and conjugate action 
is maintained. Excessive tooth deflections can cause noise. 


. Improper Tip or Root Relief—This is one method of making the 


tooth deflection corrections as required in No. 8. The higher the 
load on a gear tooth, the more tip or root relief is required to pre- 
vent interference or to maintain lubricant film. 
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Pitch Line Runout—Pitch line runout is a form of tooth spacing 
error where each tooth is not an equal distance from the axis of 
rotation. This usually shows up as a cyclic noise with a frequency 
equal to the shaft rotation speed. 

Excessive Backlash—Excessive backlash can only cause noise 
when the gear set has torque reversals. Large amounts of backlash 
should never be used as criteria for determining whether a gear is 
acceptable for use. On nonreversing drives, backlash is only im- 
portant when it becomes so excessive that the tooth strength is re- 
duced. 

Too Little Backlash—A gear set without sufficient backlash to ac- 
count for manufacturing errors and thermal growth is a disaster. 
These gears will be noisy and will fail in a very short time. 
Noise Transmitted From Driving or Driven Machine—A gear 
housing is a large drum-like container and can amplify the noises 
emitted through the structure from the motors, compressors, 
pumps, generators, etc. 

Load Intensity—As a rough rule of thumb, the higher the load in- 
tensity, the higher the noise level. As just pointed out, gear teeth 
require tooth form modifications to account for deflections under 
load. As a result, the higher the load intensity, the harder it is to 
make these corrections properly. 

Rolling Element Bearings—This type of bearing tends to be more 
noisy than others due to the loose pieces in the bearing such as 
cages and rollers. Also, the roller passing frequency is quite high 
and will produce noise. 

Clutches and Couplings—Couplings are some of the primary 
noise producers of rotating machinery. Windage noise is produced 
by the bolts and other openings in the coupling flanges. Clutches 
have all of the problems of couplings but in addition have a ten- 
dency to rattle. 

Face Overlap Ratio—This is the number of teeth in contact at any 
time across the face of a gear. With more teeth in contact, gear 
errors tend to average out producing quieter gear operation. The 
best way to increase face overlap ratio is to use a higher helix an- 
gle during manufacture. 

Transverse Contact Ratio—This is the number of teeth in contact 
in a transverse plane. Low pressure angle gears have higher con- 
tact ratios and are quieter but do not have adequate tooth strength. 
Generally, a compromised pressure angle is selected to give an op- 
timum balance between contact ratio and bending strength. 

Lube Oil Pump and Piping—Lube oil pumps can be extremely 
noisy if the piping is not properly designed. The most common 
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causes of pump noise are cavitation in the pump suction area and 
piping resonance. 


Gear noise can be controlled to some extent by three measures: very 
careful design and super quality manufacturing, extra heavy cast iron or 
double wall steel housings, and acoustical enclosures. Any of these mea- 
sures can be used singly or in combination with one or both of the other 
measures to effectively reduce gear noise. 

Very careful design and super quality manufacturing is the most expen- 
sive way to control gear noise in addition to being the most difficult to 
apply. Contrary to some opinions, the perfect gear is useless for power 
transmission because of tooth deflections under load. The trick is to ob- 
tain a gear which has a perfect involute (or conjugate) form under load. 
The harder the gear, the more deflection there is due to higher allowable 
loading; as a result, good mesh conditions are more difficult to obtain 
since the involute produced is distorted more. 

Secondly, extra heavy cast iron or double wall housings used with rea- 
sonably accurate gearing can be very effective in controlling gear noise. 
This method is less expensive than the first and is easier to apply consis- 
tently in manufacturing. Also, detuning techniques can be used on hous- 
ings and gear blanks to reduce noise based on calculated and experimen- 
tal data. 

Using an acoustical enclosure is the least expensive way to reduce gear 
noise. Almost any noise level can be attained if space is not a problem. 
However, sound enclosures have a very definite disadvantage when 
maintenance is required. In addition, the inability of operators or mainte- 
nance personnel to actually place their hands on the equipment or hear 
the noises emitted if problems begin to appear may allow total destruc- 
tion of the gear unit to occur instead of just minor damage. No matter 
how sophisticated the monitoring equipment, the senses of touch and 
hearing are still the best indications of a machine’s condition. 


Overheating 


Before it can be determined whether or not a gear unit is overheating, 
the expected operating temperature must be determined. Very low speed 
gears will run near the ambient temperature, and some high speed drives 
may operate above 250°F. 

Overheating in gear units may be caused by: 


1. Low Oil Level—This condition will lead to both overheating and 
gear failure should the level fall below a point where the gear teeth 
or the oil pump can pick up the oil. 
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High Oil Level—High oil level will cause overheating due to the 
heat generated when the gear teeth run under too much oil. Many 
high speed units have an oil level just below the gear teeth, and to 
allow these gears to dip in oil causes overheating. 


. Internal Failure or Poor Assembly—Overheating can be caused by 


a multitude of things from gear tooth breakage to internal rubs or 
even gear teeth improperly meshed. 


. Blocked or Reduced Oil Passages—Many gear designs include ei- 


ther cast or machined oil passages and drilled orifices. These pas- 
sageways can be blocked by oil deposits, sludge, or excessive 
sealants, thereby reducing oil flow and producing overheating. 


. High Ambient Temperature—Overheating can be due to the high 


climatic temperature in areas around furnaces, paper machines, 
and other machines that radiate heat. This situation can be cor- 
rected by external cooling or in some cases by the use of heat 
shields. 


. Low Bearing Clearance—Reduced bearing clearance can be 


caused by pinching the bearing at the bore split line, by not having 
sufficient clearance bored into journal-type bearings, or by having 
the wrong clearance in roller bearings. This condition will usually 
show up as localized overheating and can be detected with bearing 
instrumentation. 


. Housing Coated with Foreign Material—A foreign material on the 


exterior of the housing reduces the heat transfer to the air, and 
many gear designs depend on radiation and convection to the air 
for cooling. 


. Internal Rubs—This condition usually results from poor assembly 


and occurs when part of a gear rotating element actually rubs in- 
ternal piping or housing walls. 


. Insufficient Water Flow to the Cooler—This condition can usually 


be checked by measuring the water inlet and outlet temperatures. 
If the temperature rise across the cooler is higher than the de- 
signed rise, insufficient water flow is usually indicated. 


Malfunction of Oil Heaters—Oil heaters are used to raise the oil 
temperature for start-up or to maintain an acceptable oil tempera- 
ture during extremely cold conditions. Should the thermocouples 
or thermostats on these oil heaters malfunction, they can overheat 
the oil. 

Contaminated Oil Filter—This condition can cause overheating by 
reducing oil flow to the gear unit. If the contamination is exces- 
sive, the element can collapse and be carried into the oil passages, 
reducing oil flow and causing overheating. 
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Vibration 


All gear units operate at certain vibration levels. Generally speaking, Fig- 
ures 6-32, 6-33, and Table 6-2 depict vibration values expected of a gear unit 
properly installed and in good condition. Vibration levels above these may 
be perfectly acceptable but must be evaluated on a case-by-case basis. 


Excessive vibration may be caused by: 


1. Unbalance—This phenomenon is the most common cause of gear 
unit vibration and can be produced by broken teeth, couplings, key 
fitting practice, improper balancing during manufacture, poor as- 
sembly of gear to shaft, and even oil inside the gear blanks. AJ- 
most any vibration specialist can isolate the cause of unbalance vi- 
bration and either balance the parts or determine what must be 
corrected. 

2. Loose Foundation Bolts—This condition is usually detected by in- 
spection. When retightening loose foundation bolts, be careful that 
shims are not missing. Be sure that the housing foot is not “soft.” 

3. Coupling Misalignment—Misalignment is a serious problem with 
gear units, and many papers have been written on alignment con- 
trol. A machinery train that is properly aligned today will change 
over the years due to settling of the foundation. Misalignment se- 
vere enough to cause high vibration levels will damage the gear set 
and shorten the life. 

4. Inadequate Foundation—This cause of vibration is self explana- 
tory and is most generally due to improperly designed and manu- 
factured steel bases under gear units. 

5. Wear in Bearings and Gears—Wear in gear teeth most generally 
shows up as an increase in the vibration or acceleration levels at 
tooth mesh frequency. Bearing wear can be detected by excessive 
clearance in journal-type bearings and pitting or spalling of rolling 
element bearings. 

6. Lateral and Torsional Critical Speed Response—On high speed 
drives, lateral critical speeds of the shafts become very important, 
and users should be very careful when changing couplings to be 
sure that the weights and centers of gravity are the same as used 
during design stages. Torsional critical response is very important 
but is most common on reciprocating machines. In addition to 
causing vibration, both of these responses reduce gear life and in 
some extreme cases can cause immediate failure. 

7. Coupling Lockup—Lockup is a form of coupling misalignment 
that occurs when toothed couplings are unable to shift axially to 
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account for thermal growth. This condition can be caused by full 
load starts, poor lubrication, wear, and centrifuging of the cou- 
pling lubricant. 

8. Coupling Wear—On toothed couplings, wear can cause both cou- 
pling lockup and shifting of the loose pieces on the coupling. As 
an example, the teeth on the outer element of a gear tooth coupling 
can wear and allow the sleeves and spacer to shift off center. This 
shifting then produces an unbalance equal to the weight of the 
shifted coupling parts times the distance shifted. 

9. Lack of Coupling Lubricant—Inadequate coupling lubricant will 
prevent the coupling from performing as required by the design 
and is equivalent to having a rigid shaft connection. 

10. Coupling Not as Designed—The use of couplings with weights 
and stiffnesses different than the original design can cause en- 
croachment on lateral and torsional natural frequencies of the sys- 
tem. On very low speed drives, coupling weight has much less im- 
portance than on pinions operating at high rates of speed. 

11. Improper Installation—This subject covers a broad range of prob- 
lems from foundation to lube oil and cooling water piping connec- 
tions. When planning a gear unit installation, all environmental 
conditions must be carefully considered since operating conditions 
will vary with the cold wind, hot sun, and all other external influ- 
ences. 


Tooth Fallure and Inspection 


The most up-to-date work on gear tooth distress is ANSI/AGMA stan- 
dard 110.04, “Nomenclature of Gear Tooth Wear and Failure.” The term 
“gear failure” is in itself subjective and a source of considerable dis- 
agreement. One observer’s “failure” can be another observer’s “wear- 
ing-in.” For a summary of this AGMA standard, refer to pages 131-147 of 
Volume 2 of this series, Machinery Failure Analysis and Troubleshooting. 

Suffice it to say that during the initial period of operation of a set of 
gears, minor imperfections will be smoothed out, and the working sur- 
face will polish up, provided that proper conditions of design, applica- 
tion, material manufacture, installation, and lubrication have been met. 
Under continued normal conditions of operation, the rate of wear will be 
negligible. 

Failure in a gear train can in many instances be prevented. When it 
does occur, the proper remedial action or redesign will ensure a trouble- 
free unit. Regardless of when the trouble is rectified, the most important 
faculty of those concerned with the problem is the ability to recognize the 
exact type of incipient failure, how far it has progressed, and the cause 
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and cure of the ailment. Before a gear is shut down and replaced because 
of questionable or seemingly severe damage, periodic examination with 
photographs or impressions is recommended to determine if the observed 
condition is progressive. 


Repair 


The most common repair performed on a gear unit is the replacement 
of bearings. This procedure is normally straightforward, and the only ba- 
sic difference from replacing pump, turbine, or compressor bearings is 
that the alignment between the gear teeth must be maintained. After in- 
stalling the new bearings and before replacing the cover, the tooth contact 
should be checked. The importance of maintaining good tooth contact 
cannot be overemphasized. 

When gear tooth failure occurs, different methods can be used to repair 
the gear set depending on the original design, hardness, and manufactur- 
ing method used. 

When wear or pitting is the only problem, the gear and pinion can 
sometimes be recut or reground and returned to like-new condition. If 
wear or pitting is severe, the gear can be reduced on the outside diameter 
and recut and a new oversized pinion manufactured. This repair method 
can be used on almost all through-hardened gears and does not change 
the ratio. 

Case-hardened gears cannot be recut due to the high hardnesses, and 
the outside diameters cannot be reduced since the hardened case is too 
thin. Regrinding is possible but risky for the same reasons. When the 
case is broken through by pitting, regrinding will probably only delay 
ultimate failure. In some cases, these gear blanks can be normalized, re- 
cut, reheat-treated, and reground. 

When only a pinion tooth is broken, a new matching pinion can be 
made or the gear can be recut for an oversized pinion as just described. In 
many cases, if a gear tooth is broken, a new alloy steel band can be in- 
stalled on the gear hub by shrinking or welding and a new pinion manu- 
factured. This procedure is difficult to do on case-hardened gearing due 
to heat treating requirements. Also, this method of repair cannot be used 
safely at extremely high pitch line speeds. 

In the event of a breakdown, these repair procedures can save time, 
materials, and money. The most important saving is usually in repair 
time when spares are not available for rapid replacement. 
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Figure B-]. Single reduction low speed gear unit (cutaway view) featur- 
ing herringbone gearing and splash lubrication system which utilines oi! 
wipers on the sides of the gear to channel the oil into troughs that carry it 
to the bearings. Rolling element bearings support both shafts in this unit 
and absorb throst on the low speed shaft. 


ioe 
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Figure B-2. Single reduction high speed gear unit (cutaway view) with 
double helical gearing and a simple pressurized lubrication system. The 
gear housing acts as the lubricant reservoir, and a shaft-driven oil pump 
pressurizes the oil. The high and low speed shafts are supported by bab- 
bitted journal bearings, and any thrust loads are handled by babbitt-faced 
thrust bearings on the low speed shaft. 
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Figure B-3, Extremely high horsepower service rating (16,000 HP) sin- 
gle reduction gear unit (cover removed) with double helical gearing. This 
speed increaser features tilting pad journal bearings on the high speed 
shaft, babbitted journal bearings with pressure dams for added stability 
on the low speed shaft, a tilting pad thrust bearing on the low speed shaft, 
and specialized gear and pinion design to facilitate heat removal and 
thereby prevent excessive heat buildup. 
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Figure B-4. Two extremely high horsepower single reduction gear units 
(identical to the one in Figure B-3) undergoing full load, full speed back- 
to-back locked-torque testing. This test is fully instrumented for vibra- 
tion and temperature monitoring. It provides the most reliable indications 
of gear accuracy and operating temperatures as compared to other test 
procedures and in general gives the best overall prediction of gear perfor- 
mance in the field. This test can be performed using a driver with a 
horsepower rating equivalent to the combined horsepower losses of the 
gear units. 
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Figure B-5. Double reducton low speed gear unit (cut-away view) fea- 
turing herringbone gearing and double-extended input and output shafts. 
This unit has the capacity to handle high overhung loads on the low speed 
(output) shaft. 
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Figure B-6. Double reduction two speed gear unit (cover removed) uti- 
lizing herringbone gearing and employing a shifter bar mechanism for 
changing speeds between the two ratios of gearing contained in the hous- 
ing. This reducer powers a conveyor drive handling coal and salt. 
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Figure B-7. Double reduction high speed gear unit (cut-away view) with 
double helical gearing and a simple pressurized lubrication system pow- 
ered by a shaft-driven oil pump. This unit exhibits gearing arranged in a 
“nested” design, where the high speed gear set is split and the low speed 
gear set is nested between the two halves. The main advantage of this 
particular arrangement is that it equalizes the loading on all bearings. It 
also utilizes the available space more efficiently than some other double 
reduction designs. 
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Figure B-8. High speed, high horsepower double reduction gear unit 
(cover removed) containing double helical gearing and utilizing a torque 
shaft and two flex-rigid couplings to transmit power from the high speed 
gear set to the low speed gear set. The use of this arrangement enables 
much more horsepower to be transmitted at much higher ratios and 
speeds than is possible with a simpler arrangement. It also makes possi- 
ble torsional fine-tuning of the gear unit and the entire machinery train. 
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Figure B-9. Extremely high speed (input pinion speed of over 22,000 
RPM) double reduction gear unit (cover removed) utilizing single helical 
gearing in a “foldback” design to conserve space. Intensive engineering 
design analysis and the incorporation of several specialized features en- 
able this speed reducer to perform efficiently as well as satisfactorily at 
high speeds. 
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Figure B-10. Double reduction horizontal right-angle gear unit (cut- 
away view) utilizing spiral bevel gearing for the high speed reduction and 
single helical gearing for the low speed reduction. This particular unit 
has rolling element bearings on all shafts. 
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Figure B-11. Triple reduction articulated gear unit (cover removed) con- 
taining herringbone gearing and utilizing a pressurized lubrication sys- 
tem (not shown). Input torque is split between drive trains inside the 
housing for more efficient use of space and better design of gearing. This 
type of speed reducer is usually used for high reduction, low speed, very 
high torque applications such as sugar mill drives. 
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Figure B-12. Reverse reduction marine drive gear unit (cut-away view) 
equipped with double helical gearing, integral clutches, and anti-friction 
(rolling element) bearings. This gear unit sports two forward speeds in 
addition to one reverse speed. 


Chapter 7 


Installation and Maintenance of 
V-Beit Drives* 


Well designed and properly installed V-belt drives are without question 
among the most reliable, trouble-free means of power transmission avail- 
able. In general, except for an occasional retensioning, many will liter- 
ally run for years without maintenance, 

However, some V-belt drives do require periodic inspection and main- 
tenance, both while the drive is running and while it is stationary. 


Inspection While Running 


A noisy V-belt drive is like a person with a fever. Both need attention. 

V-drive noise can be caused by the slapping of belts against the drive 
guard or other obstruction. Check for an improperly installed guard, 
loose belts, or excessive vibration. Squealing of belts as a drive is started 
or while it is running is usually caused by a poorly tensioned drive and/or 
by a build-up of foreign material in the sheave grooves. But it can also be 
caused by oil or grease between the belt and the sheave groove. 

If necessary, remove the belt guard and watch the drive while it is run- 
ning under load. (Caution: Observe only; stand clear of the running 
drive!) Much can be learned by watching the action of the slack side of 
the drive. Each variation in the driven load causes a corresponding 
change in the tension of the slack side of the belt. During across-the-line 
starts or suddenly applied loads while running, the sag on the slack side 
of the drive will increase. If the sag under these conditions is excessive, 
tension should be increased. 


* Source: T. B. Woods Company, Chambersburg, Pa. Their permission to use this mate- 
rial is gratefully acknowledged. 
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Any vibration in a system will cause the slack side of the belts to dance 
up and down. Excessive vibration will also induce a vibration in the tight 
side of the drive. The cause of the vibration should be determined and 
corrected. 

If a set of belts is perfectly matched, all belts will have the same 
amount of sag. However, perfection is a rare thing and there will usually 
exist some difference in sag from belt to belt. It is more important to look 
at the tight side of a drive to be sure that all of the belts are running tight. 
If one or more belts are running loose, the drive needs to be retensioned, 
or the belts replaced with a matched set. 

These conditions could also be caused by uneven wear of the grooves 
in the sheave. These should be checked with sheave groove gauges. 


Inspect Sheaves Often 


Keep all sheave grooves smooth and uniform. Burrs and rough spots 
along the sheave rim can damage belts. Dust, oil, and other foreign mat- 
ter can lead to pitting and rust and should be avoided as much as possible. 
If sheave sidewalls are permitted to “dish out,” as shown in Figure 7-1, the 
bottom “shoulder” ruins belts quickly by chewing off their bottom 
comers. Also, the belt’s wedging action is reduced and it loses its grip- 
ing power. 


Dished out 





Figure 7-1. Dished-out V-belt grooves. 
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Sheave grooves must be 
like this not this 


! 





Figure 7-2. Good vs. bad grooves in a V-belt sheave. 


A shiny groove bottom indicates that either the sheave, the belt or both 
are badly worn and the belt is bottoming in the groove. 

Badly worn grooves cause one or more belts to ride lower than the rest 
of the belts, and the effect is the same as with mismatched belts. This is 
called “differential driving.” The belts riding high in the grooves travel faster 
than the belts riding low. In a drive under proper tension, a sure sign of dif- 
ferential driving is when one or several belts on the tight side are slack. Note 
Figure 7-2 for groove details. 

Check alignment of drive. Sheaves that are not aligned properly cause 
excessive belt and sheave wear. When the shafts are not parallel, belts on 
one side are drawn tighter and pull more than their share of the load. 
These overloaded belts wear out faster, reducing the service life of the 
entire set. If the misalignment is between the sheaves themselves, belts 
will enter and leave the grooves at an angle, causing excessive cover and 
sheave wear and premature failure. 
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Belt and Sheave Gauges 


Belt and sheave groove gauge sets are available from your distributor 
and should be in your tool set. 

You can use them to determine the proper belt section by trying the old 
belt in the various gauges until a proper fit is obtained. The cross section 
of conventional or narrow-wedge belts can be read from the gauge. 

To check sheave grooves for wear, simply select the proper gauge and 
template for the sheave diameter; then insert the gauge in the groove until 
the rim of the gauge butts against the outside diameter of the sheave 
flange. Worn grooves will show up as illustrated in Figure 7-3. If more than 
2 in. of wear can be seen, poor V-belt life may be expected. 


Check Belt Fit 


Conventional V-belts should ride in standard sheave grooves so that the 
top surface of the belt is just above the highest point of the sheave. In A-B 
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Figure 7-3. Groove gauge inserted in wom groove. 
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combination grooves, an A section belt will ride slightly low in the 
groove, while a B belt will be in the normal position. In special deep 
groove sheaves, belts will ride below the top of the sheave. 

However, some V-belts are purposely designed so that the top of the 
belt will ride above the OD of the sheave. The tensile cords are located in 
the belt so that they ride almost at the OD of the sheave. This simplifies 
sheave identification and drive calculations. 

No matter which V-belt section the sheave is grooved for, the belts 
should never be allowed to bottom in the groove. This will cause the belt 
to lose its wedging action, to slip and/or burn. Sheaves worn to the point 
where they allow a belt to bottom should be replaced immediately. 


Keep Belts Clean 


Dirt and grease reduce belt life. Belts should be wiped with a dry cloth 
occasionally to remove any build-up of foreign material. If the belts have 
been splattered with grease and/or oil, clean them with methyl chloro- 
form or soap and water. Inflammable cleaners such as gasoline are to be 
avoided as a matter of safety. 

Although all premium grade V-belts are of oil resistant construction, an 
occasional cleaning will help to prolong their life. 

Under no circumstance is the use of belt dressing recommended on a V- 
belt. The remedial effect is only temporary. It is much better to keep the 
belts and grooves of the drive clean. 


Use Belt Guards 


Belt guards protect personnel and the drive itself. They should be defi- 
nitely used in abrasive atmospheres to protect the drive from sand, metal 
chips, and other foreign matter. But they should be ventilated to avoid 
excessive heat. 

Check them periodically for damage and for loose or missing mounting 
bolts. These could cause the belts to come in contact with the guard and 
cause failure. 

Guards alone will generally protect belts from abrasion. But where 
abrasive materials are common—in rock processing machinery, grind- 
ers, foundries, etc.—drives should be inspected frequently for excessive 
belt and groove wear. 


Check for Hot Bearings 


When the drive has been stopped for inspection, check the bearings to 
make sure they are not running hot. If they are, it could be due to im- 
proper lubrication or improper drive tension. Hot bearings can be caused 
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by belts that are either too tight or too loose. Check the tension carefully 
using the instructions furnished. 

If the belts are slipping on your drive, retension the drive. Never use 
belt dressing to correct slipping belts. 


Maintain Proper Belt Tension 


Maintaining correct tension is the most important rule of V-belt care. It 
will give the belts 50 percent to 100 percent longer life. 

Belts that are too loose will slip, causing excessive belt and sheave 
wear. V-belts that sag too much are snapped tight suddenly when the mo- 
tor starts or when peak loads occur. That snapping action can actually 
break the belts, because the added stress is more than the belt was designed 
to take. This can be clearly demonstrated with a piece of string, as illustrated 
in Figure 7-4. 





Figure 7-4. Belt tension analogy: Loosely-held string snaps easily, taut string can stand 
strong pull. 


316 = Major Process Equipment Maintenance and Repair 


Selecting the Correct Belts 


All the work and experience that goes into designing a V-belt drive is 
wasted if the specified belts are not used or the number of belts is 
changed. Over-belting is wasteful. Under-belting is even more expensive 
in the long run, because overloaded belts wear out faster. 

V-belts are identified for size according to industry standards. A com- 
bination of letters and numbers as shown in Figure 7-5 indicates the 
width across the top of the belt (often referred to as “cross-section”) and 
the belt length. Conventional belts come in five widths: A, B, C, D, and 
E; while narrow V-belts are made in three widths: 3V, 5V, and 8V. In 
addition, there are the light-duty 2L, 3L, 4L, and 5L belts. If you are not 
sure which to use, measure the top width of the old belts carefully, or use 
the gauges described previously. 

Be careful in measuring V-belts. The top widths of the B and 5V belts 
are very close; however, the 5V is considerably thicker, and the groove 
angles of the sheaves are different. Do not attempt to use these belts in- 
terchangeably. The 4L and 5L Light-duty belts are also very close in size 
to the A and B belts. But again, groove angles may be different. Light- 
duty belts should not be used on heavy-duty drives. 


Explosive Atmospheres 


Belts on drives in hazardous atmospheres should be kept reasonably free 
of encrusted accumulations of nonconducting materials. In addition, all ele- 
ments of the drive must be interconnected and grounded as illustrated in Fig- 
ure 7-6. 


Store Belts Properly 


V-belts should be stored in a cool, dry place out of direct sunlight. 
They should be kept away from ozone-producing equipment such as arc 
welders and high voltage apparatus. Temperature should be below 85°F, 
relative humidity below 70 percent. If belts are stored in piles, the piles 
should be kept small to avoid excessive weight which could distort the 
bottom belts. When belts are stored in boxes, the box size should be lim- 
ited. Ideally, belts should be hung on saddle type pegs. With proper stor- 
age, belt quality will not change significantly within six years. 

Assuming good storage practices, a decrease in service life of approxi- 
mately 10 percent per year of storage beyond six years can be expected. 
From a norm of six years storage life at 85°F, it is estimated that the stor- 
age limit should be reduced by half for each 15°F increase in tempera- 
ture. A significant increase in humidity may cause a fungus to form on 
belts, but any effect on the performance of the belt would be very slight. 
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Figure 7-5. V-belt cross section dimensions. 





Figure 7-6. Proper V-drive installation in explosive atmospheres. 


No matter where rotating machines are located or by what means they are 
driven, there is always a chance of personal injury unless they are in- 
stalled and operated under safe conditions. This section is written with 
this thought in mind. 


Guard All Drives Properly 


All regulating agencies such as OSHA, State Departments of Labor 
and Industry, insurance firms and other safety authorities either recom- 
mend or insist on drive guards. We, also, strongly recommend that every 
V-belt drive be completely guarded. Do not be lulled into a sense of secu- 
rity by a temporary or makeshift guard. 

Of course, provision can and should be made for proper ventilation and 
inspection by the use of grills, inspection doors and removable panels. 
But the guard should have no gap where workers can reach inside and 
become caught in the drive. Besides being a safety asset, a good guard 
helps make maintenance easier by protecting the drive from weather and 
foreign objects. 
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Check Safe Speed Limits 


Safe speed limits for sheaves manufactured by reputable companies 
have been established by a rigorous burst testing program. The limit for 
cast iron sheaves has been established at 6,500 fpm; the maximum speed in 
rpm corresponding to 6,500 fpm is either cast or stamped on each sheave, as 
shown in Figure 7-7. 

Before installing the drive, this safe speed limit should be checked 
against the speed of the shaft on which it is being installed. Operating 
sheaves above recommended speeds could result in serious damage to 
equipment and/or serious personal injury. 


Typical Sheave and Bushing Installation Instruction 


Tapered bushings are widely used, and have exceptional holding power 
that eliminates wobble. Standard and reverse mounting features provide 
greater adaptability. Quality bushings can be used interchangeably in 
many of a given vendor’s products as well as those of other manufactur- 
ers. 

Before installation, you should thoroughly inspect the bore of the mat- 
ing part and the tapered surface of the bushing. Any paint, dirt, oil, or 
grease must be removed. 

Assemble bushing into mating part in either the Standard or Reverse posi- 
tions, as illustrated in Figure 7-8. (Since either the standard or the reverse 
mounting assembly can be rotated so that the bushing flange is toward or 
away from the motor, four ways of mounting are obtainable.) 





Figure 7-7. Safe speed is cast into the arm of quality sheaves. 
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Figure 7-8. Standard and reverse mounting of typical sheave. 


Loosely insert the cap screws into assembly, but do not lubricate cap 
screw threads. (Note: Install M through S bushings in the hub so that the 
two extra holes in the hub are located as far as possible from the bush- 
ing’s saw cut.) 

With key in keyseat of shaft, slide assembly to its desired position with 
cap screw heads to the outside, as shown below. (A few small sheaves 
may have to be installed with the cap screws on the inside.) If it is diffi- 
cult to slide the bushing onto the shaft, wedge a screwdriver blade into 
the saw cut to overcome the tightness. 

Position the assembly on the shaft so the belts will be in alignment 
when installed. Tighten each cap screw evenly and progressively until 
obtaining the torque value given by the manufacturer. There must be a 
gap between the bushing flange and mating hub when the installation is 
complete. 
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Typical Sheave and Bushing Removal Instruction 


Loosen and remove cap screws. 

As shown in Figure 7-9, insert cap screws in tapped removal holes and 
progressively tighten each one until mating part is loose on bushing. (Ex- 
ception: If mating part is installed with cap screw heads next to motor, 
with insufficient room to insert screws in tapped holes, loosen cap screws 
and use wedge between bushing flange and mating part.) 





Figure 7-9. Sheave removal sequence: (a) tightening cap screws in removal and (b) actual 
removal of sheave. 
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Remove mating part from bushing and, if necessary, bushing from 
shaft. If bushing won’t slip off shaft, wedge screwdriver blade in saw cut 
to overcome tightness. 


Alignment Checking 


Although alignment is not as critical in V-belt drives as in others proper 
alignment is essential to long belt and sheave life. 

First. make sure that drive shafts are parallel. The most common 
causes of misalignment are nonparallel shafts and improperly located 
sheaves, as shown in Figure 7-10. Where shafts are not parallel, belts on 
one side are drawn tighter and pull more than their share of the load. As a 
result, these belts wear out faster, requiring the entire set to be replaced 
before it has given maximum service. If misalignment is in the sheave, 
belts will enter and leave the grooves at an angle, causing excessive belt 
cover and sheave wear. 

Shaft alignment can be checked by measuring the distance between the 
shafts at three or more locations. If the distances are equal, then the 
shafts will be parallel. 





Figure 7-10. Effects of nonparalle! shafts and improperly located sheaves on belt 
condition. 





Installation and Maintenance of V-Belt Drives 323 


Cord tied 
to shaft 


Cord touching sheaves at 
points indicated by arrows 


Figure 7-11. Checking sheave alignment. 


To check the location of the sheaves on the shafts, a straightedge or a 
piece of string can be used as shown in Figure 7-11. If the sheaves are 
properly lined up, the string will touch them at the points indicated by the 
arrows in the accompanying sketch. Rotating each sheave a half revolu- 
tion will determine whether the sheave is wobbly or the drive shaft is 
bent. Correct any misalignment. 

With sheaves aligned, tighten cap screws evenly and progressively. 
Apply the recommended torque to cap screws as recommended by the 
manufacturer. Note: There should be '/s in. to 1/4 in. gap between the 
mating part hub and the bushing flange. If the gap is closed, the shaft is 
probably seriously undersized. 


installation of Belts 


Shorten the center distance between the driven and driver sheave so the 
belts can be put on without the use of force. 

While the belts are still loose on the drive, rotate the drive until all the 
slack is on one side. Then increase the center distance until the belts are 
snug. The drive is now ready for tensioning. 

Note: Never “roll” or “pry” the belts into the sheave grooves. This 
can damage the belt cords and lead to belt turnover, short life, or actual 
breakage. Moreover, it is both difficult and unsafe to install belts this 
way. Note Figure 7-12! 

Keep take-up rails, motor base, or other means of center distance adjust- 
ment free of dirt, rust, and grit. Lubricate adjusting screws and slide rails 
from time to time. 
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A. 





Figure 7-12. Belt installation procedures—{a) bad, vs. (b) good. 


Tensioning V-Belt Drives 


Without exception, the most important factor in the successful opera- 
tion of a V-belt drive is proper belt-tensioning. To achieve the long, trou- 
ble-free service associated with V-belt drives, belt tension must be suffi- 
cient to overcome slipping under maximum peak load. This could be 
either at the start or during the work cycle. The amount of peak load will 
vary depending upon the character of the drive machine or drive system. 
To increase total tension, merely increase the center distance. Before at- 
tempting to tension any drive it is imperative that the sheaves be properly 
installed and aligned. If a V-belt slips it is too loose. Add to the tension by 
increasing the center distance. Never apply belt dressing as this will dam- 
age the belt and cause early failure. 
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Tensloning by General Method 


The general method for tensioning V-belts should satisfy most drive re- 
quirements: 


Step 1 Reduce the center distance so that the belts may be placed over 
the sheaves and in the grooves without forcing them over the 
sides of the grooves. Arrange the belts so that both the top and 
bottom spans have about the same sag. Apply tension to the belts 
by increasing the center distance until the belts are snug. See Fig- 
ure 7-13. 

Step 2 Operate the drive a few minutes to seat the belts in the sheave 
grooves. Observe the operation of the drive under its highest 
load condition (usually starting). A slight bowing of the slack 
side of the drive indicates proper tension. If the slack side re- 
mains taut during the peak load, the drive is too tight. Exces- 
sive bowing or slippage indicates insufficient tension. If the 
belts squeal as the motor comes on or at some subsequent peak 
load, they are not tight enough to deliver the torque demanded 
by the drive machine. The drive should be stopped and the belts 
tightened. 


Too tight 


~* 
Slight bow “7 AN 


Figure 7-13. Belt tension diagram. 





Too loose 
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Step 3 Check the tension on a new drive frequently during the first 
day by observing the slack side span. After a few days’ opera- 
tion the belts will seat themselves in the sheave grooves and it 
may become necessary to readjust so that the drive again shows 
a slight bow in the slack side. 


Force Deflection Engineering Formulas 


For a more precise method, use the following engineering formulas to 
determine force deflection values. 


Step 1 Determine span length (t) and deflection height (h). Refer to 
Figure 8-14. 
Step 2 Calculate the static strand tension (Ts). 
K x DHP _. MS? 
Ts = ————_ + — 
NxS 2 
Step 3 Calculate the recommended deflection forces (P) for drives us- 
ing multiple belts or more than one V-band 





Ts + Y 
Pini 16 
rp... = L5(Ts) + ¥ 
maximum 16 
Priiad = 1.33 times Proxim 


Explanation of Symbols 


Arc of contact—smaller sheave, degrees 

Center distance, inches 

Larger sheave pitch diameter, inches 

Smaller sheave pitch diameter, inches 

Design horsepower based upon the recommended application 
service factor 

Deflection height, inches (refer to Figure 8-14) 


Value from Table 8-1 depending on D~d 
2.5 — Ac 
A 


3 
o Sawae 





or K = 16.5 
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[— Span Length, t 
Defiect, 
Forgion 





Cc 


“Deflection height 
h = ‘eq" per inch of span 


t 
h= 4 


where t = Span length, inches 
C = Center distance, inches 
D = Larger sheave diameter, inches 
d = Smaller sheave diameter, inches 


Figure 7-14. Determination of span length and deflection of belt drives. 


Belt length, inches 

Centrifugal constant, Table 8-1 

Number of belts or V-band ribs 
Deflection force, pounds 

Belt speed, FPM/1000 

Span length, inches (refer to Figure 8-14) 
Belt constant, Table 8-2 
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Table 7-1 
K Factors and Arc of Contact 





Table 7-2 
Belt Constants M and Y* 


|__uev | uivevcog [siren rromiam | TegueFio 

par [or per fe er a ee x 
jae | vas | aae | 2m | sae] oe [von | sae [are | see [os [ ome [1 | 
| 40 [1200 | 200 ] 70 J 200 Yeo [90 [reo | sume | aso | 70 | so00 | aaa 






* Belt constants and trade names refer to products made by T. B. Woods Company. 


Chapter 8 


Steam Turbines and 
Turboexpanders * 


Special Purpose Steam Turbines 


While much attention has been devoted to new high-power, high-speed 
centrifugal compressors, steam turbine drives have more often been the 
cause of plant downtime. 

Initially, problems peculiar to process drives were not given enough 
thought. Unplanned shutdowns resulted. The combined requirements of 
high speed, high power, and variable speed, associated with process 
drives, have led to some rethinking by steam turbine manufacturers. 

Rigorous operating conditions demand careful optimization between 
process requirements and mechanical considerations when selecting, 
maintaining, and operating a special purpose steam turbine such as is illus- 
trated in Figure 8-1. 

Steam turbine types and applications are shown in Tables 8-1 and 8-2. 
The second table shows that all types of steam turbines have a place in 
process plants. 

In some instances where the reason for the type in use is not clear-cut, 
the back-pressure turbine may be favored because it is: 


© Lowest in capital cost. 
© Most suitable for high speeds. 
e Simplest in construction . . . and hence more reliable. 


Condensing Turbine Disadvantages. The condensing turbine has several 
disadvantages compared to the back-pressure turbine.! 





* Material related to special purpose steam turbines is edited from information furnished 
by Westinghouse Canada, Inc., Hamilton, Ontario, Canada. By permission. 
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Mode! (Psig/Kpag) 


1 
2 


3 


17 


Maximum Maximum Maximum 
Exhaust Approximate 


Inlet 


Pressure Temperature Pressure 


(Psig/Kpag) 


700/4830 
700/4830 


1500/10345 
1500/10345 


1500/10345 


1500/10345 


1500/10345 


1500/10345 
1500/10345 
1500/10345 
1500/10345 
1500/10345 
1500/ 10345 
1500/ 10345 
1500/10345 


Intet 


(°F/°C) 
900/480 
900/480 


950/510 
950/510 


950/510 
950/510 
950/510 


950/510 
950/510 
950/510 
950/510 
950/510 
950/510 
950/510 
950/510 


125/860 
125/860 


100/670 
75/515 


TSISAS 


300/2070 


300/2070 


200/1380 
200/1380 
300/2070 
300/2070 
75/515 

300/2070 
300/2070 
300/2070 


As Required As Required 75/515 


1500/ 10345 


950/510 


600/4140 


1. C-Curtis Stage R-Rateau Stage 
2. Inlet area can be doubled on muttivalve turbines for greater inlet flow and power. 


Power 
(Hp/Kw) 
2000/1500 
3500/2600 


4000/3000 
3500/2600 


4800/3600 
3000/2200 
4500/3400 


5500/4100 
6500/4800 
7000/5200 
8000/6000 
8000/6000 


Table 8-1 
Steam Turbine Frame Capabilities 


Meximum Number of 


Speed 
15000 


C-6500 
R-12500 


6000 


C-10500 
R-12500 
C-8000 

R-10000 
C-10500 
R-12500 


C-8000 
R-10000 


12500 
10000 
12500 
10000 
6000 


12000/9000 12000 
20000/15000 10000 
30000/22400 6000 
50000/37300 8000 
80000/60000 3600 


Stages 
1 
1 


1 
1 


2 or 3 
2 or 3 
1-6 
1-9 
1-9 
As Required 
As Required 
As Required 
As Required 
As Required 


Governor 
Valve 


Wheel 
Diameter 


Arrangement (in/mm) 


Single 
Single 


Single 
Single 


Single 
Single 
Single 


Single 
Single 
Single 
Single 
Single 
Multiple 
Multiple 
Multiple 
Multiple 
Multiple 


16/405 
20/510 


25/635 
20/510 


25/635 


20/510 


25/635 


20/510 
25/635 
20/510 
25/635 
32/815 
20/510 
25/635 
32/815 


Maximum Maximum 
Intet Size Exhaust Size 
(in/mm) (in/‘mm) 
4/100 8/205 
6/150 10/255 
8/205 10/255 
4/100 10/255 
8/205 14/355 
4/100 6/150 
8/205 8/200 
6/150 20/510 
8/205 20/510 
8/205 As Required 
8/205 As Required 
8/205 As Required 
8/205 As Required 
10/255 __As Required _ 
12/305 As Required 


Variable As Required As Required 


Variable 


12/305 


As Required 


O€€ 


dioday pun aoupuajuinp tuaudmbz ssa201g sofoy 
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Figure 8-1. Multivalve special purpose steam turbine. 


© Larger blades due to high steam volumes. Therefore low blade natu- 
ral frequencies and increased risk of blade excitation exist. 

e Lower over-all reliability because of the need to provide a condenser, 
ejectors, extraction pumps, etc. 

© High first cost caused by two factors: 


a. A larger turbine due to high specific volumes 
b. The extra cost of condenser, etc. 


e Poor operating cost because about two-thirds of the steam heat con- 
tent is used in heating condenser cooling water. 

e Difficulty in measuring performance on site because of problems in 
finding the steam energy at exhaust. 

® More costly boiler feedwater treatment to remove chlorides, salts 
and silicates which would otherwise produce deposits or corrosion of 
the blades. 

@ Blade failures are more likely. The last few rows of blades are sub- 
ject to erosion by the water droplets which are present in condensing 
steam. 
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Table 8-2 
Classification of Steam Turbines with Reference to 
Application and Operating Condition 


























Operating 

condition 

High-pressure 100-2,400 psig, 
turbine (with or | saturated, 
without extraction| 1050°F, 1-5 in. 
for feedwater 
heating) 

Low-pressure 

turbine saturated, 750°F| blowers, compressors, pumps, 
etc. 

Electric-utility plants 


Steam 
condition 







Basic type 
Condensing 


Application 
Drivers for electric generators, 
blowers, compressors, pumps, 
marine propulsion, etc. 





Reheat turbine 


1-5 in. Hg abs 
100-2,400 psig, 
saturated, 
1050°F, 1-5 in. 
Hg abs 
100-2,400 psig, 
saturated, 
1050°F, 1-5 in. 
Hg abs 
Cross-compound |400-1,450 psig. 
turbine (with or | 750-1,050°F, 
without extraction} 1-5 in. Hg abs 
for feedwater 
heating, with or 
without reheat) 
Straight-through 
turbine 

















Automatic 
extraction 
turbine 


Drivers for electric generators, 
blowers, compressors, pumps, 
etc. 











Mixed-pressure 
(induction) 
turbine 


Drivers for electric generators, 
blowers, compressors, pumps, 
etc. 
















Marine propulsion 


















600-3 ,500 psig, 
600-1050°F, 
atmosphere, 
1,000 psig 
600-3,500 psig, 
600-1050°F, 
atmosphere, 
600 psig 


Drivers for electric generators, 
blowers, compressors, pumps, 
etc. 













Automatic 
extraction 
turbine 
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Condensing Turbine Advantages. The condensing turbine has some ad- 
vantages over the back-pressure turbine. 


© It requires less change in live steam for different loads and so control 
is easier. 

e It requires less live steam as the drop in heat energy is larger. 

© It only affects one steam level for a change in power. 


Extraction and Induction Turbines. Either of the basic types of turbine is in 
use with one or more intermediate nozzles for extraction or induction of 
steam. 

The normal criterion used in operating an extraction turbine is whether 
15-20 percent of the power required can be generated by the extracted 
steam. Various plant operating conditions are taken into account in this 
assessment and not just the design conditions. 

Extraction/induction turbines afford the following advantages: 


© Process steam requirements at two or more levels can be satisfied 
without having to provide boilers at different pressures, or al- 
ternatively having to throttle steam, without obtaining useful work, 
i.e., the power from the extraction steam is obtained cheaply. 

e A process steam level can be controlled and maintained by the steam 
turbine. 

e An over-all steam balance can be achieved more readily. 

© Optimization of process steam and power demand. 

e Allows flexibility under various plant conditions. 


Extraction and induction turbines are slightly less reliable because: 


® Disturbances are caused in the steam at the intermediate nozzle; 
therefore, blade vibrations can be excited. 

© The possibility of starving part of the turbine of steam exists, result- 
ing in overheating due to windage. 

@ Extra valves, etc., are required, if the intermediate pressure is con- 
trolled. 

e A longer turbine shaft is required to allow for the extra nozzle, etc., 
thereby increasing the bearing span resulting in a more flexible shaft. 
This could produce difficulties with critical speeds. 


The efficiencies of these turbines are about five points lower than those 
of basic turbines. 
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Review of Turbine Hardware 


The steam turbine is a comparatively simple type of prime mover. It 
has only one major moving part, the rotor which carries the buckets or 
blades. These, with the stationary nozzles or blades, form the steam path 
through the turbine. The rotor is mounted on a shaft supported on journal 
bearings, and axially positioned by a thrust bearing. A housing with 
steam inlet and outlet connections surrounds the rotating parts and serves 
as a frame for the unit. 

However, a great number of factors enter into the design of a moder tur- 
bine, and its present perfection is the result of many years of research and 
development. The following is a listing of special purpose turbine “hard- 
ware” as shown in Figure 8-2. 


1. High pressure parts. 


a. Trip valve—trip and throttle. 

b. Governor valve(s). 

c. Steam chest, nozzle bowl, chamber or box. 
d. Nozzles—rings and diaphragms. 


2. Low pressure parts. 


a. Casing or cylinder. 

b. Blade rings and covers. 
c. Exhaust hood. 

d. Glands or seals. 


3. Rotor assembly. 


a. Blades or buckets. 
b. Disk(s). 
c. Shaft or drum. 


® Bearings. 
® Thrust control mechanism. 


4. Auxiliaries. 


a. Overspeed trip device. 
b. Governor. 
c. Turning gear. 
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Ut 


a 


1 Steel inlet and exhaust casing 

2 True centerline support 

3 Flexible governor end support 

4 Lubricated sliding keyed ways 

5 Separate overspeed trip device 

6 Woodward NEMA D govemor 

7 Double acting, tilting pad thrust bearing 
& Separate trip-throtile vaive 





\(Eterer | § 


9 Multinie valve fift bar arrangement 


10 Stainless steel nozzies with 
lappi it 


11 Precision balanced rotating assembly 
12 interstage nozzle diaphragms 

13 Labyrinth steam seals 

14 Tilting pad radial bearings 

15 Labyrinth oil seals 


Figure 8-2. Cross section of a typical multivalve multistage special purpose steam turbine 


(General Electric). 


5. Lube oil system. 


a. Pumps. 
b. Filters. 
c. Reservoir. 


d. Lube oil conditioning system. 


e. Instrumentation. 
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Special Purpose Turbine Inspection and Repair 


Inspection and overhaul have been traditional activities around special 
purpose steam turbines. These activities have gained importance as the 
possibilities of nondestructive testing and the complexity of large steam 
turbine installations have increased. Attempts to lengthen intervals be- 
tween inspections and overhauls have been instigated by a number of iso- 
lated reports of steam turbines being operated without overhauls. Today, 
periods between major overhauls range from two to five years depending 
on the degree of technological advancement of a particular installation. 
In the case of new large turbines with many prototype components, indi- 
vidual casings have been opened up every one or two years. Thus far, no 
disadvantageous accumulations of failure incidents have been encoun- 
tered after partial overhauls, where the inspection of individual turbine 
components during the available shutdown time has been practiced.” 
However, it is obvious that the suitability for complete and independent 
inspection and overhaul of individual components differs widely among 
the various types of steam turbines. Investigating this “suitability” or 
maintainability at the very beginning of a planned large steam turbine 
acquisition is therefore of the utmost importance. 

Internal inspections must be scheduled to suit plant load demand. 
However, it is obvious for economic reasons that to reduce forced outage 
for corrective maintenance, general knowledge of the internal condition 
of the turbine at all times is desirable. A systematic check during opera- 
tion to detect significant change in this condition is a valuable guide. In- 
spections may then be regarded as preventive rather than necessarily cor- 
rective. 

A complete and detailed “case history” starting at the time of installa- 
tion should be compiled for each turbine. This should include a descrip- 
tion and analysis of any unusual circumstance during its operation as well 
as any noteworthy condition found during inspection: also a statement of 
the corrective measures taken or planned. The first complete inspection 
of a new turbine forms the most valuable datum point in its history and 
we recommend that a very thorough inspection be made at or near the 
end of the first year of operation. 

Before taking the turbine out of service for inspection a number of pa- 
rameters should be checked and the past “case history” reviewed to de- 
termine items requiring special attention and investigation. Here is a 
comprehensive listing: 
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On-Line Monitoring Results 


Measurement of steam consumption. Comparison with the result of a pre- 
vious measurement makes it possible to find out if there was a change in 
efficiency. 


Determination of internal efficiency. If a measurement of steam consump- 
tion is too costly, measure inlet, intermediate and final steam pressures 
and temperatures. 


Measurement of stage pressures. Measure pressures as a function of 
steam flow and compare with those obtained with a “clean” machine. 
This will give an indication of blade deposits or deformation. 


Vibration monitoring. Review vibration history. Review bearing and cas- 
ing vibration frequency spectra. Perform vibration signature analysis, di- 
agnosis and prognosis.* 


Review shaft position history. 


Review bearing pressure and temperature readings. A reduction in inlet 
pressures may indicate increased bearing clearances. A rise in bearing 
metal temperature may indicate a change in bearing geometry. 


Obtain answers to these questions: 


1. Is there oil leakage? 
@ In the piping? 
@ At bearing oil seals? 
e At hydraulic lines? 


2. Do the emergency and auxiliary oil pumps start when the oil pres- 
sure fails? 


3. Is there steam leakage at 


@ Joints? 
@ Valve stems? 


4. Do throttle and governor valves close promptly when tripped? 
5. Does the throttle valve stop the unit when tripped? 
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6. Are extraction check valves in working condition? 

7. Are turbine rotor glands sealing properly? 

8. Has there been any change in control system readouts? 

9. Is the control system stable? 
10. Will governor hold speed at no load, full steam pressure and nor- 

mal exhaust pressure? 

11. Are other control devices operating satisfactorily? 

12. Does automatic overspeed trip function at correct speed? 


Off-Line Inspection 
1. Without major disassembly 


e Determine “bump-to-bump” thrust clearances. 
e Alignment check—See chapter 5, Volume 3. 

© Boroscope (endoscope) inspection. 

© Inspection of casing keys and base plates. 

© Piping anchors—See chapter 3. 

© Determine radial bearing clearance. 


2. Major disassembly. Table 8-3 shows all necessary inspection opera- 
tions following major disassembly. 


Documentation 


Written documentation and photographs of all inspection results are of 
the utmost importance. 

Subsequent inspection schedules should be based on what is found at 
the last inspection, the “case history,” and the operating log. Periodic 
checks of the lubricating system, control system, throttle valve, and auto- 
matic features are important. As we saw, test data at some fixed ref- 
erence, load on steam flow, and intermediate stage steam pressures 
checked back to the early operation of the turbine may detect the pres- 
ence and extent of blade deposits or mechanical damage. Similarly, vari- 
ations in the stage enthalpy measured by steam pressure and temperatures 
in the superheat zone may detect any important change in internal stage 
efficiency. Table 8-4 suggests how often we should do all this, but our read- 
ers are encouraged to establish these frequencies for their own installation. 
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Overhaul Procedures 


Each plant has established specific overhaul procedures. Typically 
they would feature points like: 


. Safety requirements 
. Worklist 
. Bar chart 
. Material list and equipment catalog 
. Tool list 
. Special service and equipment list 
. Procedures: 
e alignment 
@ flexible diaphragm coupling 
e bearing assembly 
© casing 
® rotor assembly 
e internals 
@ interstage seals 
e design clearances 
8. Field notes 
9. Clearance inspection forms 
10. Critical path method chart 
11. Photographs 


SAMA WHY eH 


Based on the steam turbine manufacturer’s specific operating and 
maintenance instructions these documents are an invaluable part of the 
technical inventory of petrochemical plant maintenance departments.* 


Special Purpose Steam Turbine Operation and Maintenance 


As petrochemical process machinery increases in complexity, proper 
coordination of the operating and maintenance functions becomes an im- 
portant aspect of machinery management. Someone once observed in an 
exaggerated way that if one could see the “gray line” between machinery 
operation and maintenance functions one would be in trouble. Large 
steam turbines are no exception. A good example would be the running 
in and startup of a special purpose turbine after an extensive overhaul. A 
good machinery maintenance person will not walk away after the over- 
haul—his job seems never done. For instance careful carbon ring break- 
in is often ignored or bypassed based on the justification of getting the 
turbine on line a few hours sooner. 


340 






Table 8-3 
Inspection and 
Overhaul After 
Disassembly 
Special Purpose 
Steam Turbines 


COMPONENTS 


1.1 VALVES & FITTINGS 
team Strainers 
—__Valve Bodies 
Vaive Stams 
Disks & Seats 
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1.2 CONROL VALVE GEAR 
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oie Wo 
Nozzie Rings 
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Diaphragm 
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Disk fits 
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3.4 BEARINGS 
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REMARKS 


1.1 Inspect castines 
for crack formations— 
Particutariy on interna! 
separating walls. If 
strainer cracked or 
broken, reptace. 

~2 Watch for signs o 
fretting and bindings. 








“1.4 Inspect stationary 
blading for damage by 
foreign bodies. 





2.1 Inspect for cracks: 
blowholes & erosion. 


2.4 Clean casings. If 
segments cracked or 
broken, replace. 


3.1 Inspect for erosion: 
nickS, scratches. If 
coated: check boiler 
Qreration for carryover. 








7S Perform run-out 
check. INSPECT cpis. 
hub/Shaft fit. 


3.4 Refer to chapter 7.1 
Assure casing keys are 
free. 

3.5 Check clearances. 
4.1 Clean parts. 


4.2 If badty worn, re- 
Ptace. If corr@ded:s in- 
Vestisate oi! system. 


@| 5.1 Reter to chapter 9. 1 
Refer to chapter 3.3 





6.1 For pivins refer to 
hap rg 





Check condenser for 
leakage. 
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Table 8-4 
Inspection Frequencies 
Special Purpose Steam Turbines (Typical) 


ACTION INSPECTION FREQUENCY 
re em| sy | SY| If Ir] It1 
aha 
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DISKS 
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LEGEND: M=Months Y=YEARS 
I=Each Trip TI= Whenever Practical 
III= Major Disassembly. Typical Frequency? 
2Years ist Run 
SYears 2nd Run 
1@Years ‘Srd Run 
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Proper Break-In of Carbon Rings* 
Incentives are: 


e Long runs 

e Higher turbine efficiency 

e Protection of bearings and journals by keeping water out of the oil 
due to blowing steam past the seals into the bearing housing. 

e In the winter the machine results in happy operators and a safer unit. 

e Lower vibration levels 


A common method of breaking in carbon rings involves mounting dial 
thermometers on the gland housing and observing its temperature rise at 
incremental speeds for about three hours. Stuffing box temperature rise 
is a function of carbon ring wear rate, heat transfer rate from the carbon 
rings through the gland housing, and steam conditions. Surface tempera- 
ture monitoring procedures are highly questionable due to their poor time 
response to events happening at the sealing zone between the carbon 
rings and turbine shaft. Directly observing shaft vibration gives real time 
knowledge of the condition of the seals. 


Factors affecting break-in. Figure 8-3 is a typical carbon ring gland housing 
assembly for a small steam turbine. The carbon rings that actually do 
the steam sealing are made of a special form of graphite that is self-lubri- 
cating. The seal is usually constructed of three or more segments bound 
together and against the rotor shaft by a garter spring. The carbon rings 
are prevented from rotating by a tang. 


Mechanism of break-in. Assuming that the carbon ring packing clearances 
are within design specifications, the carbon rings are “broken in” when 
they acquire a slick glaze due to controlled rubbing action. Time required 
for the packings to wear in varies as a function of: steam temperature and 
pressure, clearances, pressure drop across the seals, sealing steam flow, 
shaft surface smoothness, shaft surface speed, seal casing configuration 
and carbon ring composition and design. 

Break-in may take from 3 to 12 hours and occurs at about 2,500~3,500 
rpm for 3—4 in. internal diameter carbon rings. Cold carbon ring to shaft 
clearance for 3~4 in. internal diameter rings is about 15-16 mils. Hot 
running clearance should be about 1-2 mils. Following wear-in, the car- 


* Adapted from “Avoid Problems with Steam Turbine Carbon Ring Seals,” by S. W. 
Mazlack, Amoco Oil Co., Hydrocarbon Processing, August 1981. By permission. 
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Carbon ring seals Garter spring 





Figure 8-3. Carbon ring gland assembly. 


bons fit rather loosely in the stuffing box and in the cold condition have a 
large clearance from the rotor shaft. In this condition, the seals are rela- 
tively immune to the sudden thermal changes that a turbine goes through 
during its normal duty cycle. 

The differential coefficient of expansion between steel and carbon is 
.000004 in. per in. of diameter for each degree Fahrenheit increase in 
temperature. Since the thermal expansion of carbon is less than that of 
steel, too rapid of a wear-in often will result in broken rings, or excessive 
carbon ring to shaft clearances. Large clearances produce poor sealing 
and destructive steam “wire drawing” across the carbon ring faces. High 
levels of vibration, high gland box surface temperatures, noise and a big 
cloud of steam occurring shortly after turbine startup to full speed are 
sure signs that the carbon rings were inadequately broken in and are 
grabbing the shaft. If this happens, don’t even ask if the carbon seal rings 
are “broken” —they are. 


Warm up. Of the utmost importance for any turbine operation, including 
carbon ring break in, is proper warmup. The entire rotor case assembly 
must be allowed to heat up to its equilibrium temperature prior to starting 
slow roll. Even heating is required to avoid rotor rubs, high thermal 
stresses and unequal expansion of the seal rings. During heatup, if the 
steam plume starts at the case drain pipe outlet and is noisy, this means 
that water is flashing even if no liquid appears. Dry steam travels 
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through a foot or more of clear space before a wet plume develops and 
there is much less noise. Again: do not start rolling until all case drains 
are blowing dry, without puffing. This heat-up may take several hours. 


Sealing steam. For a condensing turbine, if possible, have the condenser 
vented and the sealing steam initially turned off. Sealing steam should 
not be turned on unless the rotor is turning. Cold air sucked across seals 
into a hot rotating or nonrotating turbine can distort the shaft as severely 
as hot sealing steam entering the seal area of a cold nonrotating turbine. 
Shaft distortion will cause a rotor bend or “bow” to form which can re- 
sult in destructively high vibration levels. If the shaft develops or has a 
thermally induced rotor bow, a 1-hour 300-600 revolutions per minute 
slow roll usually will allow most of it to relax out. 

The normal sealing steam pressure of a condensing turbine is about 3- 
4 psig. A higher sealing steam pressure is recommended at the outset to 
assist the outboard seals to begin break-in. This is important, for if the 
low pressure end is primarily sealed with the high pressure end seal leak- 
ing off steam, exhaust end packings may not get much steam until the 
unit actually is coupled up and running at normal speed. If this is the 
case, the low pressure seal area suddenly may get its first dose of hot 
steam preceded by a slug of water at full speed. The result may be a sud- 
den seal “grab,” carbon shattering, and violent failure. This is the cause 
of the mysterious severe turbine vibration that occurs shortly after the 
operator walks away from a machine that was just put on line. 


Surface condenser use. The turbine is heated up and brought to minimum 
speed as a reduced back pressure machine. This maximizes heat input 
into the seal areas. Caution must be exercised to avoid overpressurizing 
the surface condenser expansion joint and the steam turbine exhaust cas- 
ing. Steam flow to the condenser is minimal during an uncoupled slow 
speed run. As such, the exhaust pressure of the turbine, either positive or 
negative, can be controlled by balanced use of the surface condenser vent 
valve, cooling water flow to the condenser exchanger, proper hogging jet 
operation, and turbine case drain valve positions. 


Use of vibration probes. For monitoring carbon ring break in, one tempo- 
rary probe holder bracket mounted on the inboard face of each bearing 
housing, with a reasonably clean and nick-free shaft surface for the probe 
to monitor, will work. If the machine is to be permanently monitored 
with vibration probes, see API-670, “Non-Contacting Vibration and Ax- 
ial Position Monitoring Systems” for additional details. 

Normally, carbon ring break-in is performed with the turbine uncou- 
pled from the driven unit. Having the turbine uncoupled eliminates most 
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sources of external vibration, and has the turbine ready for its overspeed 
trip check immediately following completion of the carbon seal ring 
break in. Note, however, that a solo run turbine is quite different ther- 
mally from a coupled fully-loaded turbine at the same speed. This differ- 
ence must be accounted for during carbon packing break-in. 


Carbon Break-in Procedure 


1. 


Hams 


Heat the lubrication oil to a minimum of 100°F before beginning 
slow roll. Running oil temperature target is usually 110-120°F 
Mount dial thermometers on the gland seal housing, mid-turbine 
case and exhaust casing. These temperatures are used to determine 
the steady state temperature point of the turbine prior to slow roll. 


. Open all case drains, trip and throttle valve and steam line drains 


leading to the turbine and begin slowly admitting warm-up steam. 
Do not start slow roll until the turbine is hot. Larger condensing 
turbines, particularly partial admission turbines, may require a spe- 
cial manufacturer’s recommended startup procedure to avoid local- 
ized rotor bowing. 


. Slow roll at 500 rpm at least one hour. Open sealing steam line and 


establish 5-8 psig pressure. 

As the turbine gets hotter or the vacuum increases, it will speed 
up rapidly using the same steam flow due to the increased availabil- 
ity of energy. 


. Close case drains as appropriate. 
. Record vibration readings at both ends of the turbine. 
. Raise the speed to 1,000 rpm and immediately record vibration lev- 


els. Stay at 1,000 rpm for one hour minimum. At about 1,000- 
1,200 rpm, the bearing’s oil film is carrying the rotor and the shaft 
has established a reasonably stable orbit in the bearing. Assuming 
that the rotor has relaxed its thermal bow, the “first” reading you 
will get at 1,000 rpm is primarily residual rotor unbalance. After 
about 15-30 minutes, you will observe an increase in vibration 
(about .25 to 1 mil). Gradually the vibration will drop nearly back 
to the first reading you took at 1,000 rpm. This is what you’ve been 
looking for; a slight carbon seal ring rub followed by a return to 
steady state. 


. Raise the speed to 3,500 rpm in 500 rpm increments, repeating the 


sequence of immediately taking “new speed” steady state vibration 
levels and watching for the vibration increase and decrease cycle 
caused by the carbon rings breaking in. 

At about 2,500-3,500 rpm, the new carbons are fairly well 
glazed and nearly run in. This is also the point where most people 
destroy their packings by assuming that the job is complete. 
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8. From 3,500 rpm, raise the speed by increments of 1,000 rpm up to 
running speed going rapidly through the criticals. 
If running smoothly, and a sudden severe jump in vibration occurs, 
immediately drop the speed to 2,000 rpm or less for about 1/2 hour. 
The carbon ring seals were grabbing the shaft. After a 1/2 hour cool 
down, return the turbine to operating speed. 

9. Run at normal maximum running speed for one hour prior to check- 
ing the overspeed trip and coupling up. 

This procedure has produced consistently positive results with a 
variety of machines, some of which were considered to be charac- 
teristically bad performers. The key to a successful and long life 
carbon ring break-in is patience and the continuous presence of an 
operator through the entire procedure to handle any contingency. 


Operation of Large Steam Turbines 


Finally, if we adhere to the interface concept of large steam turbine 
maintenance and operation we must not forget to establish proper operat- 
ing procedures. Here again, each plant will more often than not base 
its procedures on the manufacturer’s general] operating instructions. Typ- 
ically these written procedures contain: 


© General description of the turbine train. 
e Emergency equipment and procedures. 
e Initial startup. 

e Normal startup. 

© Emergency shut-down. 

@ Major components, care and feeding. 


The following are a manufacturer’s instructions for the operation of a 
special purpose condensing turbine. * 


General. This procedure is recommended for starting and putting the tur- 
bine in operation. It is obvious that any such instructions can cover only 
the normal case and it will be recognized that under unusual circum- 
Stances, variations from this program will have to be adopted and the 
procedure to be followed will necessarily be determined by the best judg- 
ment of the operating engineers. 

Before starting the turbine, clean off any dirt which may have accumu- 
lated during the installation or turnaround work and be sure that dirt has 


* Courtesy Westinghouse Canada Ltd., Hamilton, Ontario, Canada. 
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not gotten into the bearing cavities or other internal parts. Be sure that 
the working parts of the governing mechanism are clean and in good 
working condition. 

It is of utmost importance to see that the turbine casing and connecting 
pipe lines are drained properly at all times. During operation, any 
accumulation of water cools the adjacent metal and causes distortion 
which, if severe, may cause blade rubs or vibration. During shutdown 
periods, accumulation of water causes excessive corrosion that impairs 
the efficiency of the turbine. 

The turbine casings are provided with built-in drains from each zone to 
the next lower pressure zone and finally to the exhaust. Orifices are 
provided for continuous drainage during normal operation, and hand-op- 
erated by-passes—where necessary—for use during starting and shut- 
down periods. 

Similar drains must be provided from all connecting pipe lines. These 
include the steam inlet line. and the atmospheric relief line. On condens- 
ing machines, all drains—except from the high-pressure steam inlet— 
should connect to the condenser or a vacuum trap because, when starting 
or operating at light load, vacuum may exist in the entire back end. 

It is the duty of the operators to see that these drains function properly 
and to use those which are manually operated during starting and shut- 
down periods. 

Check the overspeed trip mechanism by means of the hand-tripping de- 
vice, and be sure it is working properly. Then reset it. It should be obvi- 
ous that this tests only the trip mechanism and does not check the speed at 
which the overspeed trip weight actually functions. 


Starting 


1. Be sure that the oil supply to the turbine is operating. See that am- 
ple oil pressure is established at the bearings and in the control 
system. 

2. See that the turbine casing drains, the extraction line drains, the 

gland leakoffs are open, and that the steam line is free of water. 

. Open the exhaust valve. 

. Establish water circulation through the condenser. 

. Open the throttle valve a sufficient amount to start the rotor imme- 
diately, then close it and open it again just enough to keep the rotor 
rolling 200 to 400 rpm. Listen for rubs or other unusual sounds, 
especially when the rotor is rolling with the steam shut off, for at 
this time a foreign noise can be heard most easily. 

6. Start the condensate pump and operate intermittently, if necessary, 

to maintain level. 


MmPb Ww 


10. 


11. 


12. 


13. 


14. 


15. 
16. 
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. As soon as the rotor is in motion, turn on the water to gland con- 


denser and steam to the ejector. Close all atmospheric casing 
drains to prevent drawing air through the drains when partial vac- 
uum is established. 


. Start the second stage air ejector or the priming ejector if one is 


used. 


. Keep the turbine rolling at low speed—approximately 200 to 400 


rpm—to allow the parts to become partly heated. Maintain this 
slow rolling about 20 minutes. The duration of the rolling period 
depends on the straightness of the rotor which, in turn, depends 
somewhat on the length of the previous shutdown. If the machine 
has been shut down long enough to become thoroughly cooled, the 
rotor should be straight. However, after shorter shutdowns—such 
as 4 to 8 hours—the machine is only partly cooled and the rotor 
may be distorted. In such cases, continued rolling at low speed 
will heat the rotor uniformly and straighten it. 
At the end of the rolling period, bring the unit up to speed slowly, 
taking 10 to 15 minutes to reach full speed. 

After the unit comes up to speed, reduce the speed again and 
slow roll the turbine for a somewhat longer period of time. 
Shut off the priming ejector, if one is used. When the maximum 
vacuum is obtained with the second stage ejector, start the first 
stage ejector. 
Make sure that the governor properly controls the speed of the tur- 
bine with full steam pressure and vacuum. 
Close the drains from pressure zones when it is assured that all 
water has been removed and condensation stopped. 
Make certain that the temperature of the oil supply to the turbine is 
maintained between 110 and 120°F The temperature of the oil 
leaving the bearings should not exceed 160°F. 
Open throttle valve fully. 
Make sure that the governor properly controls the speed of the tur- 
bine with full steam pressure. 


Test of Overspeed Trip. When the turbine is first started after installation, 
it is very important to test the overspeed trip by actually overspeeding the 
machine. This may be done by use of the overspeed test device on the top 
of the governor. See the governor instructions for operation. 

The overspeed trip should operate at approximately 10 percent above 
normal full speed. Where a speed changer is provided, the trip should 
operate at 10 percent above the upper limit of the speed changer. The 
proper tripping speed for each specific application will be found in the 
“special information” section of the instruction book and also stamped 
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on the nameplate of the unit itself. A direct-reading, tachometer is pre- 
ferred for reading the speed. A digital readout instrument is also satisfac- 
tory, provided the operator is familiar with its use and can read the speed 
correctly to a very close value. 

During these tests, the speed should be increased slowly and the 
tachometer watched very carefully. An operator should stand by, ready to 
trip the mechanism by hand instantly if it does not trip automatically at 
about 5 percent above the specified overspeed. If the mechanism does not 
trip at the proper speed, it should be inspected and adjusted. The over- 
speed test should be made periodically, throughout the life of the ma- 
chine, to ensure that this important safety device is kept in good working 
condition. Do not put the unit into service, or keep it in service, if it is 
known that the overspeed trip is not functioning properly. 


Shutting Down 


1. Decrease the load to about 20 percent of full load; except in an 

emergency shutdown, load should be removed gradually. 

2. Then remove all load and shut down the turbine by tripping the 
overspeed trip mechanism manually. 

. Be sure that the oil supply is maintained until the machine becomes 
relatively cool. If this is not done, the heat conducted along the 
shaft from inside the turbine may injure the bearings. 

. When the turbine comes to rest, close the exhaust valve and open 
all drains between the throttle valve and the exhaust valve. 

. Shut off the air ejectors. Open the vacuum breaker if one is pro- 
vided. 

. Shut off the water to gland condenser and steam to the ejector. 

. Shut down the condensate pump. 

. Open all blow-down drains. 


Ww 
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How to Avoid Steam Turbine Distress 


All steam turbines, like other turbomachinery, are prone to suffer from 
certain maintenance-causing problems. They are those triggered by: 


® Oil contamination 

© Foundation difficulties 
e Alignment problems 

© Piping loads 

© Bearing difficulties 

© Unbalance conditions 
© Operating errors 
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We already dealt with all of these troubles in other pages of this book 
and elsewhere’. In the following we would like to review the problem of 
low steam purity because it is unique to steam turbines and particularly 
large special purpose steam turbines. 

Steam contamination can cause stress-corrosion cracking, corrosion 
pitting, general corrosion and erosion, and can leave deposits in the tur- 
bine. A good deal of documentation exists describing the problems. One 
source® suggests the following preventive measures against stress-corro- 
sion cracking: 


© Keep contaminants in the steam at the lowest practical achievable 
level. 

© Avoid caustic contamination of the turbine. 

© Watch condensate and make-up demineralizers carefully. 

© Maintain feedwater conductivity instrumentation. 

© Permit only treated condensate in the steam path. 

@ Instrument the feedwater system to control steam chemistry. 

© Do not use cutting fluids, with high concentrations of chlorine and 
sulfur, in machining operations during maintenance. 

® Do not use cleaning fluids with unacceptable levels of caustic, chlo- 
rine, and sulfur. 


The same source describes the mechanism of solid-particle erosion and 
corrosive pitting in large steam turbines, their effect and the repair meth- 
ods used. We are referring our readers to this document. 

Deposits on parts in the steam path from boiler carryover may have a 
considerable effect on capacity, efficiency, and reliability. The build-up 
of deposits can plug or partially plug turbine buckets, thus increasing 
thrust bearing load, which could lead to bearing failure with possible ad- 
ditional damage. 

Deposits and other internal problems may be detected by monitoring of 
specific parameters, such as temperature, pressures, flows, and valve 
opening. An increase in temperature of thrust shoes as shown by 
embedded thermocouples would indicate increased thrust that could be 
the result of deposits. 

The selection of a fouling detection system will be strongly influenced 
by the safety and complexity of a cleaning procedure. If the deposits are 
water soluble, internal washing is possible. In the simplest case this may 
involve injecting a quart of water into a single stage, mechanical drive 
turbine, with 30°F superheated inlet. On the other hand, the cleaning 
may involve removing 300° of superheat from 200,000 Ibs/hour of steam 
entering an eight-stage turbine. This is a much more complex case. 
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The potential problems of water washing steam turbines are: 


. Misalignment due to piping stress as the temperature is reduced. 

. Water slugging. 

. Loss of clearance due to differential contraction between rotor and 
stator. 

. Vibration due to nonuniform deposit removal. 

. Thrust failure due to almost complete plugging of one stage. 

. Damage to blading if hit by water retained in the exhaust casing. 


Awa whe 


On most machines, the misalignment due to pipe stress will not be sig- 
nificant. After all, we are only disposing of the superheat, whereas dur- 
ing run up, the machine is exposed to a temperature change at least two 
times as large. However, if piping strains are a problem on startup, one 
must make sure all sliding supports are free before attempting to wash. 
We have had no problems other than an increase (doubling) of axial vi- 
bration due to misalignment. 

We try to avoid water slugging by two measures. We always use a ven- 
turi nozzle for desuperheating. Also, we insist that the piping fall contin- 
uously between the desuperheater and the machine inlet. Even if the wa- 
ter is not broken up into droplets in the desuperheater, it will pass 
inoccuously through the turbine as a constant stream. 

To prevent loss of clearance, we always limit the rate of temperature 
change to 180°F per hour. The greatest hazard would be failure of the 
injection pumps when at maximum injection rate. Such a failure would 
produce a very high rate of change of temperature and would most likely 
result in an axial rub. To guard against this, we try to use boiler feedwa- 
ter, since these pumps are the most reliable in the plant. 

We attempt to reduce the chances of nonuniform deposit removal by 
halting the increase of injection rate whenever a deposit is actually being 
removed. This condition is detected by measuring the conductivity of the 
exhaust condensate. 

It is alleged that thrust bearing failures have occurred because of stage 
plugging when an upstream wheel has shedded its deposit before a down- 
stream one. We have not found this to be the case. 

One of the criteria we use to check a turbine design before purchase is 
“Can all the condensate be removed from the exhaust?” Some turbine 
designs are such that the blading is within about 1 in. of the bottom of the 
casing. Others don’t have a casing drain at the lowest point. Others have 
a 1/2 in. or 3/4 in. casing drain. All of these designs are suspect unless the 
condensate can drain freely out of the exhaust. 

We consider that a stage is washed adequately when the condensate 
conductivity falls to half its peak level. When this point is reached, the 
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water injection rate is again increased. The wash is considered completed 
when the inlet steam is saturated and the exhaust conductivity is down to 
200 micromhos. 

After the wash is completed, the inlet temperature is raised to normal 
at a maximum rate of change of 180°F per hour. 

Initiation of the normal steam flow path, bypassing the desuperheater, 
is the last hazard. We have found that water builds up in the line upstream 
of the valve, even when the bypass is left open. We now always leave the 
main valve cracked open to prevent the water buildup. 

Over the past 13 years, we have successfully completed about 30 tur- 
bine washings. These involved six different machines, located in four 
plants. Based on this, we conclude that on-load washing is safe provided 
reasonable care is exercised. We have, however, observed that deposit 
solubilities vary considerably between subsequent washes on the same 
machine. This same variability has been observed on two machines sup- 
plied by steam from the same source for the same time period. Some ma- 
chines can be successfully cleaned without making the inlet saturated but 
most have required a wet inlet. 

During our earliest washes, we believed that condensate was essential 
as the desuperheating medium. We reasoned that any other water would 
leave salts behind during the temperature-increasing phase. Five of the 
machines have now been washed using boiler feedwater, without any ob- 
servable problems or deterioration of the cleaning. 

Also during our earliest washes we noted an apparent accelerated foul- 
ing rate during the first few days after a wash. We have no reasonable 
explanation of this phenomenon. It levels out quickly and does not appear 
to affect either the maximum mass flow or the efficiency. Currently, we 
merely warn the operators to disregard it if it is observed.* 

Another form of steam turbine cleaning is by the use of chemical foam. 
Reference 7 describes this method. 


Genera! Purpose 
Steam Turbine Maintenance and Repair 


Although steam turbine operation is not generally considered within 
the scope of this text, an overview is deemed appropriate here. 

Turbine applications differ widely, therefore, operating and mainte- 
nance procedures must be tailored to each particular installation. The in- 
structions here provide a recommended procedure for the initial startup 


* Adapted from “On-Stream Cleaning of Turbomachinery,” by B. Turner. Proceedings of 
Second Turbomachinery Symposium, Gas Turbine Laboratories Texas A&M Univer- 
sity, October 1973. By permission. 
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and serve as a guide for establishing routine operating procedures for 
such general purpose turbines as Elliott Company’s Type YR machines. * 

In establishing the specific procedures applicable to a given turbine 
type or vendor’s model, it is clearly advisable that operating and mainte- 
nance personnel review the technical material supplied with the equip- 
ment. Moreover, it is equally advisable that all appropriate persons fa- 
miliarize themselves with the safety precautions and operating 
procedures for turbines. Particular attention should be directed to the 
warning and caution notes in this chapter. 


Steam Supply 


Steam should be free from moisture and preferably superheated. A re- 
ceiver type separator with ample drains should be provided ahead of the 
shut-off valve to prevent water from entering the turbine. When a separa- 
tor is not provided, a continuous drain must be connected to the lowest 
point of the steam inlet piping. 

The steam strainer (2, Figure 8-4) protects the turbine from large parti- 
cles of scale, welding beads, etc. This strainer does not guard against 
abrasive matter, boiler compound, acids, or alkaline substances, all of 
which may be carried over in the steam. These substances may corrode, 
erode, or form deposits on the internal turbine parts, thus reducing effi- 
ciency and power. It is necessary that feedwater treatment and boiler op- 
eration be carefully controlled to ensure a supply of clean steam, if pro- 
longed satisfactory operation is desired. 


Satety Precautions 


1. Do not operate the turbine if inspection shows that the rotor shaft 
journals are corroded. 

2. Be sure the rotor is not rubbing any stationary parts and rotates 
freely by hand before starting. 

3. Check that all piping and electrical connections are made before op- 
erating the turbine. 

4. Ensure that all valves, controls, trip mechanisms and safety devices 
are in good operating condition. 


Under no circumstances should the trip valve be blocked or held open to 


render the trip system inoperative. Overriding the trip system, and allow- 
ing the turbine to exceed the rated (nameplate) trip speed may result in 


* Source: Elliott Company, Jeannette, Pa. 15644. Adapted by permission. 
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fatal injury to personnel and extensive turbine damage. In the event the 
trip system malfunctions: immediately shut down the turbine and correct 
the cause. 
5. If rubbing or vibration occurs during operation, immediately shut 
down the turbine; investigate and correct the cause. 


Preparing the Turbine for Initial Startup 


1. Disconnect the coupling between the turbine and driven machine 
(turbines driving through reduction gears can remain coupled to 
the gear and operated together). 

2. Disconnect the steam inlet piping at the turbine and blow out the 
line with the supply steam to remove any foreign material from the 
pipe. 

3. Check to be sure the steam strainer (2, Figure 8-4) is clean and prop- 
erly installed in the steam chest inlet flange. Connect the pipe to the 
turbine with a permanent joint. 

4. If operating condensing; clean rust preventative compound from 
internal turbine surfaces. 


Note: Rust preventative compound will foul surface condenser 
tubes if not removed before operating the turbine. 


5. Remove bolting from the steam end bearing cap (21 or 53, Figure 9- 
5), and the exhaust-end bearing cap (12 or 54). Lift the caps approxi- 
mately 1 in. (25 mm) and pry out the top bearing liners (16, Figure 8- 
5) to release the oil rings (49). Remove the bearing caps and roll out 
the bottom bearing liners (15), by rotating them away from their 
positioning lugs. Clean and inspect the bearing liners. 

6. Clean the rotor shaft journals and the bearing housing oil reservoirs 
with clean, lint free rags. Flood the rotor locating bearing (50) and 
shaft journals with oil. (See Chapter 12 for proper oil levels and 
lubrication requirements.) 

7. Lift the weight of the rotor and roll the bottom bearing liners into 
place. Make certain the positioning lugs on the liners are correctly 
seated in the bearing housing locating grooves. 

8. Place the top bearing liners on the shaft journals and position oil 
rings in the slots in the top liners. 

9. Replace the bearing caps, making sure that the positioning lugs on 
the top liners engage the grooves in the bearing caps. Insert the 
dowel pins and tighten all bolts. 


(Text continued on page 360.) 
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© Partai Section Showing Single 
Seated Trip Vaive Used In 2 
Inch Steam Chest 


Figure 8-4. Steam chest assembly—typical general purpose turbine. 
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PARTS LIST 
FIGURE ITEM NO. DESCRIPTION QUANTITY 
§-12-1 Steam Chest Body 1 
2 STEAM STRAINER 1 
3 Trip Valve Cover l 
4 Cap Screw g 
5 RETAINER RING, AUX RESETTING LEVER 2 
6 PIN, RESET LEVER L 
7 BUSHING, RESET LEVER 1 
& SET SCREW 1 
9 SPRING, AUXILIARY RESET LEVER 1 
10 AUXILIARY RESETTING LEVER 1 
ll Resetting Lever l 
12 RESETTING LEVER KNIFE EDGE I 
13 Machine Screw 1 
14 SPRING, CLOSING 1 
15 Lock Nut, Trip Valve Stem 1 
16 BUSHING, TRIP VALVE, LOWER 2 
17 TRIP VALVE ASSEMBLY 1 
18 Governor Valve 1 
19 Pin, Governor Valve Stem l 
20 Governor Valve Stem L 
21 Governor Valve Cover 1* 
(High Pressure) 
22 Bushing, Governor Valve Cover 1 
*®23 PACKING (HIGH PRESSURE) 1 Set* 
24 Lantern Ring it 
25 Follower I 
26 Machine Bolt, Governor Valve Cover 10 
27 VALVE SEAT 1 
28 BUSHING, VALVE SEAT (NOT SHOWN) 1 
29 Weld Block 2 
30 Hand Trip Lever 1 
31 LATCH, KNIFE EDGE 1 
32 SPRING, TORSION 1 
33 Shoulder Stud I 
#34 PACKING (LOW PRESSURE) 1 Set* 
#35 Governor Valve Cover (Low Pressure) 1* 
*36 CONNECTION VALVE STEM 1* 
37 Jam Nut, Valve Stem 1 
38 Stud, Inlet 8 
39 Nut, Inlet 8 
40 Spring Seat (Top) 1 
4l Spring, Backsetting I 
42 Spring Seat (Bottom) 1 
43 Bushing, Trip Valve, Upper 1 
44 Washer 2 
45 Block, Resetting Lever 2 
46 Connection, Backsetting I 
47 Roll Pin, Knife Edge 1 
43 Retainer Ring { 
+49 Spring, Auxiliary Closing 1* 
50 Machine Bolt, Strainer I 
31 Single Seated Trip Valve i* 
52 GOVERNOR VALVE & STEM ASSEMBLY 1 


® Indicates part not used on ail turbines or variable quantities. 


+ Item 4&9 indicates the addition of a second spring used on turbines operating av 
250 psig or higher maximum inlet steam pressure. 


Figure 8-4, Continued. 
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PARTS LIST 





Typical BYR Turbine 


FIGURE ITEM NO. DESCRIPTION QUANTITY 


l 
_ 
= 
1 
= 


Casing, Steam End, BYR 

Casing, Exhaust End, BYR 

Casing Cover, BYR 

Machine Bolt (Cover) 

Taper Dowel/Nut (Cover) 

Cap Screw (Special 

Cap Screw, Packing Case 

Cap Screw, Packing Case 

CARBON RING ASSEMBLY, BYR 
(CARBON RING ASSEMBLY, BYRIH) 


WOONNU EWN 
N N w NO 


NR RK NNNNN FENN OO”, Fe FN Ke 


10 Packing Case, BYR 
il Packing Case, BYRIH 
12 Pedestal And Cap, BYR 
13 Machine Bolt 0 
14 Taper Dowel/Nut 
+15 BEARING LINER, BOTTOM 

O16 BEARING LINER, TOP 
17 Combining Stud 
18 Pin, Combining Stud 

419 Gasket, Water Cooling Flange 
20 Machine Bolt, Flange 2 
21 Bear ing Housing/Cap, BYR 

A 22 Oiler 


Figure 8-5. Typical general purpose steam turbine (Elliott Tyde BYR). 


FIGURE ITEM NO, 


23 
2 
25 

426 

427 
28 
29 
30 
31 
32 
33 
34 
35 
36 

*37 
#38 
#39 
*40 
al 
42 
43 
45 
46 
47 
48 

049 
50 
51 
52 

A353 


A54 
455 


A56 
457 
A538 
459 
60 
61 
62 
63 
64 
65 
66 
67 
63 


* * Indicates variable quantity. 
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DESCRIPTION 


Cap Screw Bearing Case to Casing 
Spacer 

Dowel 

Cooling Tube Assembly 
Flange (Exhaust End) Water Cooling 
Pipe Plug, Oil Ring Inspection 
Support, Steam Bearing Case 
Machine Bolt, Support 
Lockwasher 

Nut, Support 

Nozzle Ring 

Cap Screw (Special) 
Lockwasher 

Cap Screw (Special) 
Reversing Blade Assembiy 
Cap Screw (Special) Reversing Blade 
Lockwasher 

Spacer, Reversing Blade 
Stud, Steam Chest To Casing 
Nut, Steam Chest To Casing 
Rotor Shaft 

Ist Disk Assembly 

2nd Disk Assembly 

Key, Disk 

Sleeve Seal 

Set Screw 

OL RING 

ROTOR LOCATING BEARING 
RETAINING RING 

Trip Body 

Bearing Housing With Water 
Cooled Cap, BYRIH 

Bearing Pedestal With Water 
Cooled Cap, BYRIH 

3/4" Pipe Plug, Bearing 
Housing (Not Shown) 

Flange (Steam End) 

Gasket, Water Cooled Cover 
Cover 

Bolt 

Eye Bolt, Cover, Lifting 
Sentinel Valve 

Casing, Steam End, BYRIH 
Casing, Exhaust End, BYRIH 
Casing Cover, BYRIH 

Shrink Ring, Steam End 
Shrink Ring, Center 

Shrink Ring, Exhaust End 
Trip Latch 


QUANTITY 


= SRST NRNNTANN EMH 
oo s w 


ON RD 


—_ =—_ 


ee ee ee ee NN 


+ + Bottom bearing liners used for oil ring lubrication, are not interchangeable with liners used 


for pressure lubrication. 


© Top liners used with Class 1 & 2 rotors are not interchangeable with top liners used with Class 3 
rotors. (Rotor class designation on Page 409). 


& Not used on pressure lubricated turbines. Blank flange used in place of Items 27 & 56. Stand- 
Pipe used in place of Item 55 when pressure lubricated turbine is equipped with Class 1 or 2 
rotor. (Rotor class designation on Page 409). 


© Not furnished with turbines equipped with Class 3 rotors. (Rotor class designation on Page 


409). 


Figure 8-5. Continued. 
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(Text continued from page 355.) 


10. 


11. 


12. 


Inspect and lubricate the governor linkage. For specific details on 
preparing the governor for startup, see Governor Operation in 
Chapter 10. 

Fabricate a clamp or other blocking device to secure the coupling 
sleeve (if applicable) to the hub while operating the turbine uncou- 
pled. 

Check for free movement and clearance between auxiliary reset- 
ting lever and cam mechanism. 


Initlal Startup, Noncondensing Turbines 


. Thoroughly drain the steam inlet piping, turbine steam chest and 


casing, and the exhaust piping of any accumulated water. 

Open the turbine exhaust valve. If overload hand valves (1, Figure 8- 
6) are furnished, they must also be opened. Turn the governor speed 
adjustment to minimum speed (Governor Operation, Chapter 10). 


. Latch the resetting lever (11, Figure 8-4) and slowly open the steam 


shut-off valve until the turbine reaches approximately 500 r/min. 
Immediately check the operation of the trip valve by striking the trip 
lever (30, Figure 8-4). Close the steam shut-off valve as the turbine 
speed decreases. 


. Latch the resetting lever and slowly open the steam shut-off valve to 


bring the turbine back to 500 r/min. Remove the inspection plugs (28, 
Figure 8-5) from the bearing caps and check to be sure the oil rings are 
rotating. Monitor the speed carefully during the low speed operation. 


Caution: Steam should not be admitted to the turbine casing by par- 
tially opening the inlet steam shut-off valve while the ro- 
tor is stationary. This condition will cause uneven heating 
of the turbine rotor and casing which may result in a dis- 
torted casing, bowed rotor shaft or other related prob- 
lems. Do not leave the turbine unattended at any time 
during the initial startup. 


. Introduce cooling water to bearing housing cooling chambers to 


prevent overheating. (See Table 8-5). Listen for any rubbing, un- 
usual noises or other signs of distress in the turbine. Feel the bear- 
ing housings and oil lines, to detect overheating or vibration. Do 
not continue to operate if any of these conditions exist. Shut down 
the turbine; locate and correct the cause of the problem. See the 
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= SECOND ROTOR 
—== = = OISK BLADES 


KEM EME REVERSING BLADE 
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FIRST ROTOR 
DISK BLADES 





NOZZLE 
RING 


STEAM 
RING 


CONNECTION 


STEAM FROM 
GOVERNOR VALVE 
FIGURE 
ITEM 
NO. DESCRIPTION QTY. 
410-1 HAND VALVE BODY I 
-2 FOLLOWER 1 
=3 STEM & VALVE ASSEMBLY 1 
“4 PACKING 1 SET 
“5 WRENCH 1 
"6 CHAIN 1 
“7 SCREW 1 
3 CAP SCREW 6 
“9 LOCK WASHER 6 
-10 CAP SCREW 4 
ll LOCKWASHER 4 
12 COVER I 
-13 HAND VALVE ASSEMBLY 


Figure 8-6. Overload hand nozzle valve assembly. 
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Table 8-5 
Normal Oil Pressure and Temperature Ranges 
for Gondensing and Noncondensing Turbines 


Method Of Lubrication Oil Ring Pressure Lubrication 
| __ Lubrication A (See Note 2) |] ~—_B (Sae Note 3 
130°F 54°C 


Oil Reservoir TO TO 
Operating Temperature 71°C 


) 
| 130°F | 54°C || 130°F | 54°C 
! TO TO TO TO 
ye0°F_| 71°C 


Minimum Oll Temperature | 
Before Starting t | 

} 140°F 60°C 140°F 80°C 140°F 
Fr m Booringe | | ee | 00" 0" 
From Besrings | 190°F es°c_||_190°F 8a"c 190°F 





Notes 


. These guidelines are not intended to supersede the original manufacturer’s rec- 


ommendations. It is the intent to indicate the general service requirements and 
leave the particular recommendations to the OEM. 


. Column “A” provides the general guidelines for turbines lubricated by a turbine 


shaft driven pump or by the driven machine. 


. Column “B” shows the acceptable general guidelines for turbines lubricated from 


gear oil systems. 


troubleshooting guide in Volume 2 for possible causes and correc- 
tive actions for abnormal conditions. 


. When the turbine is thoroughly warmed up and operation is deter- 


mined to be satisfactory, check that all drain valves are open and 
gradually increase the speed. Increase the speed with the governor 
speed adjustment until the turbine is operating at the rated speed 
shown on the turbine nameplate. (Adjust the governor as outlined in 
Governor Operation, Chapter 11.) Continue to check the turbine 
for unusual noises, rubbing, vibration or other signs of distress. Do 
not continue to operate if any of these conditions exist. See the trou- 
bleshooting guide in Volume 2 for possible causes and corrective 
actions for abnormal operating conditions. 


Note: If the turbine is pressure lubricated, the oil pressure should 
be 7 to 9 psig (0.5 to 0.6 bar). 


. Check the overspeed trip by overcoming the governor to actuate the 


overspeed trip mechanism. Refer to Governor Operation for spe- 
cific details on overspeeding the turbine. 
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Caution: Do not operate the turbine more than 2 percent above the 
rated trip speed listed on the turbine nameplate. If the 
overspeed trip does not operate within 2 percent of the 
designated speed, shut the turbine down and make trip ad- 
justments as described in the section, “Overspeed Trip 
System.” 


. Latch the resetting lever and bring the turbine up to speed. Operate 
the turbine for approximately one hour. Check the bearing tempera- 
tures and turbine speed. Listen for unusual noises, rubbing or vi- 
bration. After this period, the turbine can be shut down, doweled to 
the mounting surface and coupled to the driven machine. If the 
turbine is used with a speed reduction gear or other special equip- 
ment, follow all instructions pertaining to those particular items. 


Initial Startup, Condensing Turbines 


. Thoroughly drain the steam inlet line, turbine casing, steam chest, 
and the exhaust line of any accumulated water. Close the drain 
valves when all water is drained from the system. 

. Adjust the governor speed setting to minimum speed. If overload 
hand valves (1, Figure 8-6) are furnished, they must be fully 
opened. 

. Latch the resetting lever (11, Figure 8-4) open the turbine exhaust 
valve and start the condensing equipment. 

. Open the steam inlet shut-off valve until the turbine speed reaches 
approximately 500 r/min. 


Caution: Steam should not be admitted to the turbine casing by 
partially opening the inlet steam shut-off valve while the 
rotor is stationary. This condition will cause uneven 
heating of the turbine rotor and casing which may result 
in a distorted casing, bowed rotor shaft, or other related 
problems. 


. Adjust the sealing steam valve so that a slight amount of steam is 
discharged from the leak-off drain lines. 


Note: 3 to 5 psig (0.20 to 0.35 bar) is usually sufficient sealing 
steam pressure. However, care must be taken to prevent 
steam from blowing out of the packing cases and along the 
turbine shaft. 


10. 
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Caution: If sealing steam is allowed to leak into the bearing hous- 
ings, the lubricating oil may become contaminated and 
form sludge and foam. Adjust the sealing steam accord- 
ingly to prevent this condition. 


. Check the operation of the trip valve by striking the hand trip lever 


(30, Figure 8-4). Close the steam inlet shut-off valve as the turbine 
speed decreases. 

Latch the resetting lever and slowly open the steam shut-off valve to 
bring the turbine back to 500 r/min. Remove the inspection plugs (28, 
Figure 8-5) from the bearing caps and check to be sure the oil rings 
are rotating. Monitor the speed carefully during the low speed opera- 
tion. 


Caution: Do not leave the turbine unattended at any time during the 
initial start-up. 


. Introduce cooling water to bearing housing cooling chambers to 


prevent overheating (See Table 8-5). Listen for any rubbing, un- 
usual noises or other signs of distress in the turbine. Feel all bear- 
ing housings and oil lines to detect overheating or vibration. Do 
not continue to operate if any of these conditions exist. Shut down 
the turbine; locate and correct the cause of the problem. See the 
troubleshooting guide in Volume 2 for possible causes and correc- 
tive actions for abnormal conditions which might occur. 


. When the turbine is thoroughly warmed up and low speed opera- 


tion is determined to be satisfactory, increase the speed with the 
governor speed adjustment until the turbine is operating at the 
rated speed shown on the turbine nameplate. (Adjust the governor 
as outlined in Governor Operation, Chapter 10.) If operational 
problems occur, shut the turbine down and locate and correct 
cause. (Refer to the troubleshooting guide in Volume 2 for possible 
causes and corrective actions for abnormal operating conditions.) 


Note: If the turbine is pressure lubricated, the oil pressure should 
be 7 to 9 psig (0.5 to 0.6 bar). 


Check the overspeed trip by overcoming the governor to actuate 
the overspeed trip mechanism. Refer to Governor Operation, 
later, for specific details on overspeeding the turbine. 


Caution: Do not operate the turbine more than 2 percent above 
the rated trip speed shown on the turbine nameplate. If 
the overspeed trip does not operate within 2 percent of 
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the designated speed, shut the turbine down and make 
riecessary adjustments as described in the “Overspeed 
Trip System” section. 


11. After the speed decreases by 15 percent to 20 percent of rated 


speed, latch the resetting lever and bring the turbine back up to 
speed. Operate the turbine for approximately one hour. Check the 
bearing temperatures and turbine speed. Listen for unusual noises, 
vibration or rubbing. After this period, the turbine can be shut 
down, doweled to the mounting surface and coupled to the driven 
machine. If the turbine is used with a speed reduction gear or other 
special equipment, follow all instructions pertaining to those par- 
ticular items. 


Initial Startup, Pressure Lubricated Turbines 


1. 


Before startup, be sure that the oil pumps are primed and the oil 
reservoir is filled to the proper level. Start the auxiliary oil pump 
(if provided) and circulate the lubricating oil. Check the oil piping 
for leaks and be sure oil is being delivered to the bearings. 


Check the oil temperature (See: Minimum Oil Temperature Before 
Starting, Table 8-5) then proceed with the applicable start-up proce- 
dure for Noncondensing for Condensing Turbines. 

After the turbine is operating, closely observe oil pressures and temper- 
atures. Introduce cooling water to the oil cooler as the system warms 
up. Refer to Table 8-5 for normal oil pressure and temperature ranges. 


Routine Startup, Noncondensing Turbines 


ID Ww 


1. Check all oil levels. Fill lubricators as necessary. 
2. 


Place any controls, trip mechanisms or other safety devices in their 
operative positions. Open hand nozzle valves (1, Figure 8-6), if fur- 
nished. 


. Open all drains from steam lines, turbine casing and steam chest. 


Open the turbine exhaust valve. 
Open the steam inlet shut-off valve and bring the turbine up to de- 
sired speed. 


. Close all drain valves when drain lines show the system is free of 


water. 


. Make necessary governor adjustments to attain desired speed as 


load is applied to the turbine. (See: Governor Operation, later.) 
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8. Introduce cooling water to bearing housing cooling chambers to pre- 


vent overheating. (Refer to Table 8-5). 


9. Observe bearing temperatures and overall operation for any abnor- 


mal conditions. 


Routine Startup, Condensing Turbines 


1. 
2. 


3. 


Check all oil levels. Fill lubricators as necessary. 

Place all controls, trip mechanisms or other safety devices in their 
operative positions. 

Drain steam lines, turbine casing and steam chest of all water, and 
fully open hand nozzle valves (1, Figure 8-6), if furnished. Close drain 
valves when the system is free of water. 


. Open the turbine exhaust valve, and start the condensing equip- 


ment. 


. Open the steam inlet shutoff valve. 
. When the shaft begins rotating, introduce sealing steam to the pack- 


ing cases. 


. Bring the turbine up to speed and make any necessary governor ad- 


justments. 


. Introduce cooling water to bearing housing cooling chambers to pre- 


vent overheating. (Refer to Table 8-5). 


. Check bearing temperatures and overall conditions for smoothness 


of operation. 


Routine Startup, Pressure Lubricated Turbines 


1. 
2. 


sa DA WU 


Check the oil reservoir for proper oil level. Start the auxiliary oil 
pump (if provided) and circulate oil through the system. 

Ensure that the oil temperature is 50°F to 70°F (10°C to 20°C) 
before operating the turbine. 


. Place all controls, trip mechanisms and other safety devices in their 


operative positions. Open hand nozzle valves (1, Figure 8-6), if fur- 
nished. 


. Open all drains from steam lines, turbine casing and steam chest. 
. If condensing, close all drain valves when drain lines indicate the 


system is free of water. 


. Open the turbine exhaust valve. If condensing, start the condens- 


ing equipment. 


. Open the inlet steam shutoff valve and bring the turbine up to rated 


speed. If noncondensing, close the drain valves when the system is 
free of water. If condensing, admit sealing steam to the packing 
cases when the rotor shaft begins to rotate. 
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8. Make necessary governor adjustments to attain desired speed as 
load is applied. 

9. Observe bearing temperatures and introduce sufficient cooling 
water to the oil cooler to maintain bearing oil temperatures of 
140°F to 190°F (60°C to 88°C). 

10. Check the overall operation to determine all conditions to be satis- 
factory. 


Overioad Hand Nozzle Valves 


Optional hand valves (Figure 8-6) are sometimes used to control the 
steam flow through an extra bank of nozzles. These valves can serve three 
functions: 


1. When closed, the valves will provide more efficient turbine opera- 
tion at reduced load with normal steam conditions by reducing the 
nozzle area and thereby reducing the steam flow. 

2. In some applications, hand valves are used to develop the required 
power by opening the valves when steam conditions are less than 
normal (such as encountered during boiler startup). 

3. Hand valves are sometimes used to develop increased power for 
meeting overload requirements with normal steam conditions. 


(See also the section on hand valve positioning versus turbine power, 
speed, and operating steam conditions normally provided in the manufac- 
turer’s operating and maintenance manuals.) 


Note: Hand valve must be positioned either fully open or fully 
closed. Turning the valve counterclockwise approximately 
1/2 turns will open the pilot valve. Turning the valve ap- 
proximately nine additional turns will fully open the main 
valve disk. Open all hand valves during startups to ensure 
even heating of casing and prevention of valves binding in 
the casing. 


Turbine Shutdown 


1. Shut the turbine down by striking the top of the trip lever by hand. 
2. Observe the action of the trip valve and linkage. 
3. Close the inlet steam shutoff valve. 


Note: Shutoff valves, located in the turbine inlet steam piping, 
must be closed after the trip valve has closed. Do not use the 
trip valve as a shutoff valve. 
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4. If noncondensing, close the exhaust valve and open turbine casing 
drains. 

5. If condensing, shut down the condensing equipment, open the tur- 
bine casing drains and close the sealing steam shutoff valve. 


Note: Do not apply sealing steam to the packing cases while the 
turbine rotor is idle. 


6. Allow the rotor to come to a complete stop and cool down before 
turning off the cooling water or stopping auxiliary oil pump, if fur- 
nished. 

7. If the turbine is to be taken out of service for an extended period; 
follow the storage instructions given in Chapter 12. 


Operation of Emergency and Standby Turbines 


It is important that turbines used for emergency and standby services 
have drain lines open and isolating valves closed when the turbine is idle. 
Turbines not used for extended periods should be inspected and operated 
occasionally to make certain that they are in good working condition. 
Where impractical to operate the turbine, the rotor should be turned over 
by hand to introduce oil to the journal bearings (oil ring lubricated tur- 
bines). If an auxiliary oil pump is furnished (pressure lubricated tur- 
bines), oil can be supplied to the bearings by operating the pump. The 
introduction of dry nitrogen into the casing during shutdown periods is 
also advisable to prevent corrosion. 

Emergency and standby turbines do not require a warmup period be- 
fore applying the load. They may be placed in service as rapidly as de- 
sired. Steam should not be admitted to the turbine casing by partially 
opening the inlet steam shutoff valve while the rotor is stationary. This 
condition will cause uneven heating of the turbine rotor and casing which 
may result in a distorted casing, bowed rotor shaft or other related prob- 
lems. 

Only now are we ready to proceed to the topic of Steam Turbine Main- 
tenance. 


Maintenance Overview 


Industrial steam turbines, like most quality machinery, require peri- 
odic maintenance and service. This section supplies turbine disassembly, 
assembly and adjustment procedures. These procedures should be a fa- 
miliar subject to maintenance personnel to assure effective repair work 
and proper adjustments to components requiring service. Maintenance 
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personnel should thoroughly understand, and at all times observe, all 
safety precautions related to turbine maintenance. It is of primary impor- 
tance to ensure the turbine is isolated from all utilities to prevent the pos- 
sibility of applying power or steam to the turbine when performing inter- 
nal maintenance. Therefore, it is absolutely necessary to close, lock and 
tag all isolating valves and open all drains to depressurize the turbine 
casing and steam chest before performing any internal turbine mainte- 
nance. Also, take necessary precautions to prevent possible turbine rota- 
tion due to reverse flow through the driven machinery. 

Nondestructive type testing is recommended for determining opera- 
tional reliability of parts during turbine inspections. If major parts re- 
placement (such as turbine shaft, disks, blading etc.) becomes necessary, 
it is advisable that the repair work be supervised by a vendor’s represen- 
tative or be done in a qualified repair shop. 


Scheduled Maintenance 


Scheduled maintenance inspections are necessary for safe and efficient 
turbine operation. Actual intervals between inspections cannot be speci- 
fied rigorously because maintenance scheduling is dependent on factors 
best known by those directly involved with the turbine and its particular 
application. Table 8-6 serves as a general guideline for establishing a sched- 
uled preventative maintenance program. 

The actual frequency of required maintenance inspections can only be 
determined after carefully considering turbine performance records, 
maintenance history, corrosion/erosion rates, tests, observations and an- 
ticipated service demands. The established inspection schedule will usu- 
ally be consistent with the availability of the turbine, necessary man- 
power and an adequate supply of repair parts. At the same time, 
scheduled inspections must be frequent enough to avoid unsafe operating 
conditions. 

It is also necessary to test and adjust all safety devices on a definite 
schedule to ensure their operational reliability. These devices are de- 
signed to prevent injury to personnel and/or major equipment damage. If 
these devices are not operated at frequent intervals, they may not work 
when needed. 


Turbine Casing and Miscellaneous Joints 


The turbine steam joints are carefully made up and factory tested under 
pressure, to ensure steam tightness. Two types of sealing compounds are 
used on general purpose and moderate pressure (not to exceed 600 psig) 
turbines. For sealing of special purpose turbines, refer to Volume 3, 
Chapter 10 of this series. Of the sealing compounds used for general pur- 
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Approx. 
Frequency 
Daily 


Weekly 


Monthly 


Annually 


Table 8-6 


Scheduled Maintenance Guidelines 


aYeNr 


— 


wo N= 


N= 


11, 
12. 


Maintenance Description 
Check all oil levels and add oil as necessary. 
Check bearing and lubricating oil temperatures. 
Check turbine speed. 
Check smoothness of operation, investigate sudden 
changes in operating conditions or unusual noises. 


. If daily shutdowns are made; test the trip valve by 


striking the hand trip lever. 


. Exercise trip valve to prevent sticking due to depos- 


its or corrosion. If on a continuous operating sched- 
ule; exercise the trip valve by striking the hand trip 
lever. Reset the lever when the turbine speed de- 
creases to approximately 80% of rated speed. 


. Sample lubricating oil and renew as 
. Check governor linkage for excessive play. Replace 


any worn parts. 


. Check the overspeed trip by overspeeding the tur- 


bine (if the driven machine permits). 


. Check all clearances and adjustments. 
. Remove and clean steam strainer. If strainer is ex- 


ceptionally dirty, clean every six months. 


. Inspect governor valve and valve seat. Hand lap the 


valve if signs of uneven wear exists. Replace the 
governor valve stem packing if necessary. 


. Clean and inspect trip valve. Replace worn parts 


and hand lap if necessary. 

Disassemble, clean and inspect overspeed trip and 
linkage. Inspect trip pin and check for ease of oper- 
ation. Correct clearance to plunger. 


. Check journal bearings and rotor locating bearing 


for wear and replace if necessary. Adjust bearing 
case alignment for good liner bearing contact. 


. Inspect and clean bearing housing oil reservoirs and 


cooling chambers. 


. Lift turbine casing cover and inspect rotor shaft, 


disks, blades and shrouding. 


. Inspect carbon rings and replace as necessary. 
10. 


Remove rotor assembly from casing and inspect re- 
versing blades and nozzle ring. 

Check operation of sentinel valve. 

Adjust and check overspeed trip when turbine is put 
back in operation. 
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TURBINE CASING 
COVER 


TOP HALF 


TURBINE 
PACKING CASE 


ROTOR SHAFT 


PLASTIC 
STRING 
SEALANT 


Figure 8-7. Packing case arrangement, including carbon rings. 


pose and moderate pressure machines, one is a paste which is spread on 
the joints, the other is a plastic string type sealant. 

A combination of 1/s inch (3 mm) diameter string sealant and paste 
compound is used to seal the vertical joints between the packing cases 
and turbine casing on some models, and the joint between the outside 
radius of the packing cases and casing on turbines executed as shown in 
Figure 8-7. A combination of '/16 in. (1.6 mm) diameter plastic string 
sealant, placed on a layer of paste compound is used to seal the following 
steam joints: 


Steam chest body (1, Figure 8-4) to the turbine casing. 

Governor valve cover (21, 35) to the steam chest body (1, Figure 8-4). 
Trip valve cover (3) to the steam chest body (1). 

Nozzle ring (33, Figure 8-5) to turbine casing. 

The horizontal and vertical turbine casing joints. (Figure 8-8). 


“PWN 


Screw threads subjected to high temperatures often gall during disas- 
sembly. It is recommended that anti-galling compound be applied to the 
threads of all studs, bolts, socket head cap screws, and other threads sub- 
jected to high temperatures. 
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Figure 8-8. Horizontal joining detail on a typical general purpose turbine. 
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MATCH MARKS CARBON RING 
SEGMENT 





ANTI-ROTATION STOP 
Figure 8-9. Carbon ring assembly. 


The joints between the bearing caps and bearing housings may be made 
up with a thin coat of oil resistant sealant, such as “No. 2 Permatex,” if 
desired. 


Packing Case and Carbon Ring Service 


The steam end and exhaust end packing cases furnished on small tur- 
bines (10, Figure 8-5), each house four carbon ring assemblies (Figure 
8-9). Six carbon ring assemblies are housed in each packing case on 
larger turbines (11, Figure 8-5). Each carbon ring assembly consists of 
three carbon segments and an anti-rotation stop, which are held together 
by a retainer spring. Axial positioning of the carbon rings is maintained 
by machined grooves in the packing cases. 


Packing Case Disassembly, Small Turbines 


1. Remove cap screws (7 and 8, Figure 8-5) from the horizontal and ver- 
tical flanges on the top half packing cases. 

2. Break the horizontal and vertical joints by prying the top half pack- 
ing cases away from the bottom halves. 

3. Carefully remove the top half packing cases by lifting straight up 
until they clear the carbon ring assemblies. 
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Packing Case Disassembly, Larger Turbines 


The steam end and exhaust end packing cases (11, Figure 8-5) furnished 
on larger turbines, extend beneath the turbine casing cover. This design 
(shown in Figure 8-7) requires that the casing cover be removed before 
removing the top half packing cases. 


1. 


Remove cap screws (7, Figure 8-5) from the vertical flanges on the top 
halves of the packing cases and remove turbine casing cover as out- 
lined in Disassembly Section. 


. Remove cap screws (8) from horizontal packing case flange and 


break the horizontal joint by prying the top halves of packing cases 
away from the bottom halves. 


. Carefully remove the top halves of the packing cases by lifting 


straight up until they clear the carbon ring assemblies. 


Carbon Ring Replacement 


& WN = 


. Unhook the retaining spring surrounding the carbon ring. 
. Remove the anti-rotation stop by sliding it off the retaining spring. 
. Remove the carbon ring segments by rotating them around the rotor 


shaft. 


. Pull the retaining spring from the packing case. 


Note: Do not mix carbon ring segments. Mark each ring so it can 
be returned to its original location. 


. Clean the packing cases, rotor shaft and all sealing surfaces on the 


packing case flanges. Blow out the packing cases with high pres- 
sure air. 


. Place the carbon ring retaining springs under and part way around 


the rotor shaft. 


. Roll the carbon ring segments around the shaft and into the packing 


case grooves. Align the match marks on the carbon ring segments 
to assure proper assembly. 


. Slide the anti-rotation stops onto the retainer springs and position 


the stops in notched carbon ring segments. 


. Hook the ends of each retaining spring together and rotate the car- 


bon rings so the anti-rotation stops are seated in the anti-rotation 
notches in the bottom half packing cases. 
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Clearances 


The inside diameters of new carbon rings are selected to match to the 
maximum expected turbine exhaust temperature (Refer to Table 8-7). 
The inside diameters of used carbon rings may be slightly larger than 
new rings. Measuring the carbon rings is difficult, however, an inside 
micrometer or snap gauges may be used with a fair degree of accuracy. 

The cold clearances may be determined by measuring the inside diame- 
ter of the assembled rings and the diameter of the rotor shaft at sealing 
areas. The difference between the measurements is the cold diametral 
clearance. 


Adjustments 


The carbon rings are not adjustable. Replacement is recommended if 
excessive steam leaks from the packing cases. Packing case cleanliness is 
of the utmost importance in achieving proper carbon ring seating. If an 
air supply is available, blow out the packing cases before replacing the 
carbon rings. For best results, install new carbon rings in complete sets. 
Refer to pages 349 through 353 for break-in procedures. 


Table 8-7 
Minimum/Maximum Carbon Ring Dimensions* 
For Operating Exhaust Temperatures to 750° (400°C) 


OPERATING EXHAUST TEMP. CARBON RINGINSIDE DIA. INCHES MILLIMETRES 





UNDER 300°F (150°C) Min, 2.252 57.20 
Max. 2.253 57.23 
301° TO 400°F (151° TO 208°C) Min. 2.254 57.25 
Max. 2.255 57.28 
401° TO 500°F (205° To 260°C) Min. 2.256 57.30 
Max. 2.257 57.33 
501° TO 600°F (261° TO 315°C) Min. 2.258 57.35 
Max. 2.259 57.38 
601° TO 700°F (316° TO 370°C) Min. 2.260 57.40 
Max. 2.261 57.43 
701° TO 750°F (371° TO 400°) Min. 2.262 57.45 
Max. 2.263 57.48 





* Assumes a shaft diameter of 2.500 in. 
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Packing Case Assembly, Small Turbines 


1. 


2. 
3. 


Clean packing case flange surfaces and mating turbine casing sur- 
faces. 

Blow out the packing cases with high pressure air. 

Press 1/s in. (3 mm) maximum diameter plastic string compound 
into the grooves provided in the packing case vertical flange faces. 
Cut the string to prevent it from extending beyond the horizontal 
flange. 


. Apply a thin coat of paste sealing compound to the horizontal flanges 


and inside bolt circles of the vertical flange faces (Refer to Figure 8-8). 


Note: Excessive paste sealant on packing case flanges may result 
in sealant entering the packing cases and adhering to carbon 
rings. This may prevent the carbon rings from seating prop- 
erly. Keep paste sealant approximately 7/16 in. (5S mm) away 
from inside edges of flanges to prevent it from squeezing 
into carbon ring chambers. 


Place top half packing cases in position and replace cap screws (7 
and 8, Figure 8-5). 


Note: Turn cap screws (7) on vertical flange until snug. Tighten 
cap screws (8) on horizontal flange, then tighten cap screws 
(7) on vertical flange. 


Turbine Casing 


The turbine casing cover (3 and 64, Figure 8-5) must be lifted to in- 
spect the rotor assembly, nozzle ring (33) or reversing blade assembly 


(37). 


Disassembly 


1. 


On small turbines, remove top half packing cases as outlined in Pack- 
ing Case Disassembly. Remove only the vertical flange cap screws (7, 
Figure 8-5) from the packing cases on larger turbines. 


. Remove bolts (4) and dowels (5) from the horizontal casing flange. 
. Carefully lift the casing cover by the eyebolt (60) until it clears the 


rotor disks (44 and 45). 


. Remove the cover to a safe location. Take care to protect the ma- 


chined surfaces of the cover. 
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Assembly 


1. 


2. 


Ln & WD 


Clean all mating sealing surfaces between the bottom half turbine 
casing, casing cover and packing cases. 

Apply sealing compounds to the sealing surfaces as shown in Fig- 
ure 8-8. 


Note: Do not place plastic string sealant near turbine casing bolt 
holes. A poor seal may result if string sealant enters these 
holes. 


. Lower the casing cover onto the bottom half casing. 
. Seat the dowel pins (5). 
. Tighten bolts (4) at horizontal casing flange, starting with the bolts 


located closest to the packing cases. 


. On small turbines, replace packing cases (10) as described in Pack- 


ing Case Assembly. On larger turbines, tighten cap screws (7) on 
vertical packing case flange. 


Bearing Liners 


Locating lugs on each bearing liner (15 and 16, Figure 8-5) engage 
grooves in the horizontal split of the steam end bearing housing (21 and 53) 
and exhaust end bearing pedestal (12 and 54), This arrangement retains the 
liners in the proper position. 


Disassembly 


1. 
2. 


3. 


Remove cooling water piping from bearing caps, if applicable. 
Remove the dowels (14) and bolts (13, Figure 8-5) from the bearing 
cap joints. 

Break the joints by prying the bearing caps away from the bearing 
housings. 


. Raise the caps approximately 1 in. (25 mm) and pry the top liners 


(16) (at the locating lugs) from the bearing caps with a screwdriver. 
This will release the oil rings (49) from the caps. 


Caution: Attempting to remove the bearing caps, without prying 
out the top bearing liners, can distort the oil rings. Dis- 
torted oil rings will not rotate to provide lubrication, 
thereby resulting in bearing failures. 


. Remove bearing caps and top journal bearing liners. 
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6. Lift the rotor slightly and remove the bottom bearing liners by roll- 
ing them away from the locating lugs. The rotor shaft will rest on 
the shaft sleeve seals (47) when the bottom liners are removed. 


Clearances 


Bearing liners used with rotors designated Class 1 and 2 provide a cold 
diametral clearance of .006 in. (0.15 mm) to .009 in. (0.23 mm). Diame- 
tral journal bearing clearances are .0035 to .0055 in. (0.09 to 0.14 mm) 
when turbine is equipped with a Class 3 rotor (refer to Figure 9-10). 


To Check The Bearing Liner Clearances: 


1. With the top liners (16, Figure 8-5) removed, place a piece of Plasti- 
gage® radially on the shaft journals. 

2. Place the top bearing liners (16) over the shaft journals. 

3. Place the oil rings (49) in the slotted guides in the top bearing lin- 
ers. 

4. Replace the bearing caps. Be sure the top bearing liner locating lugs 
engage the grooves in the bearing caps. 

5. Insert dowels (14) and tighten bolts (13). 

6. Remove the bolts (13). Lift the bearing caps approximately 1 in. 
(25 mm) and pry the top liners (16) from the caps with a screw- 
driver. 

7. Remove bearing caps and top liners and measure the Plasti-gage® to 
determine the clearance between the shaft journals and top bearing 
liners. 


Adjustments 


Bearing liners are not adjustable. They should not be filed, scraped, 
shimmed, fitted or altered in any way. Worn bearing liners can lead to 
vibration and other operational problems. Replace worn bearing liners if 
the clearances exceed the maximum shown in Figure 8-10 by .002 in. (.051 
mm). Bearing liners should also be replaced if inspection shows signs of 
scoring, wiping, cracking, flaking or loose bonding between the babbitt and 
the steel backing. 


Assembly 


1. Clean the flanges on the bearing caps and housings. 

2. Drain and clean bearing housing reservoirs and refill with clean oil 
(refer to Table 8-8). 

3. Lift the weight of the rotor and roll the bottom bearing liners (15) 
around the shaft journals and into the bearing housings. Be sure 
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Figure 8-10. Cold clearance diagram for typical general purpose steam turbine. 
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Table 8-8 
Guidelines for Selecting Lubricating Oils (See Note 1) 


Pressure Lubrication 





Oll Ring A B 
Method of Lubrication Lubrication (See Note 2) (See Note 3) 
Viscosity, Saybolt Universal 
Seconds (Approx. SUS at 100°F) 300 150 300 
Approx. Metric Viscosity 
(mm?/s at 40°C) 60 30 60 
Viscosity, Saybolt Universal 
Seconds (Approx. SUS at 210°F) 52 43 52 
Approx. Metric Viscosity 
(mm?/s at 99°C) 8 5 8 
Viscosity at Operating 
Temperature, SUS Above 90 Above 90 Above 90 
Minimum Flash Point 350°F 175°C} =—s- 33S50°F 175°C —- 3350°F 175°C 
NOTES 


1. These guidelines are not intended to restrict the oil supplier to a definite set of numbers 
to which he must adhere. It is the intent to indicate the general service requirements 
and leave the particular recommendations to the oil supplier. 

2. Column “A” provides the general guidelines for turbines lubricated by a turbine shaft 
driven pump or by the driven machine. 

3. Column “B” shows the acceptable general guidelines for turbines lubricated from gear 
oil systems. 


the liner locating lugs are firmly seated in the bearing housing lo- 
cating grooves. 
. Place the top bearing liners (16) over the shaft journals. 
. Place the oil rings (49) in the slotted guides in the top half bearing 
liners. 
6. A thin coat of oil resistant sealant may be applied to the bearing 
cap flanges, if desired. 
7. Replace the bearing caps. Be sure that the top bearing liner locat- 
ing lugs engage the corresponding locating grooves in the bearing 
caps. 


an 


Caution: Bearing caps must seat firmly on the bearing housings. 
Do not force the caps down by tightening the bolts. 
Forcing the caps down will damage the bearing liners. 
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8. When the locating lugs are properly seated, replace the dowels 
(14). 
9. Tighten all bolts (13). 
10. Connect cooling water piping to bearing caps, if applicable. 


Water-Cooied Bearings 


Provisions for cooling the bearing oil are supplied as standard equip- 
ment on oil ring lubricated turbines. The lubricating oil is cooled by wa- 
ter flow through chambers in the bottom halves of the steam end bearing 
housing and exhaust end bearing pedestal. Water-cooled bearing caps are 
supplied when additional cooling is required on oil ring lubricated tur- 
bines. Water-cooled bearing caps are furnished as standard equipment on 
many larger turbines when oil ring lubricated. 


Caution: If the turbine is idle during cold weather, the cooling wa- 
ter chambers must be drained to prevent damage from 
freezing water. 


Disassembly 


1. Disconnect cooling water piping from the cooling chamber flanges 
(27 and 56, Figure 8-5) and bearing caps (53 and 54) as applicable. 

2. Remove machine bolts (20) from the cooling chamber flanges. 

3. Remove the flanges (27 and 56), gaskets (19) and cooling tube as- 
semblies from the bearing housings. 

4. Remove the bolts (59) from the bearing cap covers (58), if applica- 
ble. 


Adjustments 


1. During operation, adjust the water flow through the chambers to 
approximately 2 gpm (7.5 1/min). Cooling water pressure should 
not exceed 75 psig (5 bar). 

2. Annually clean and inspect the cooling water chambers. (See Table 
8-6). 


Assembly 


1. Install new gaskets (19 and 57, Figure 8-5). 

2. Replace the flanges (27 and 56) on the cooling chambers. 

3. Replace the cooling chamber flange bolts (20) and connect the cool- 
ing water piping. 
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4. Replace the bearing cap covers (58) and tighten bolts (59), if appli- 
cable. 


Rotor Assembly 


The rotor assembly must be removed from the turbine casing before 
removing or replacing the following (Refer to Figure 8-5): 


. Oil Rings (49) 

Shaft Sleeve Seals (47) 

. Trip Body (52) 

Rotor Locating Bearing (50) 

Nozzle Ring (33) 

. Reversing Blade Assembly (37) 
Bearing Housings (12, 21, 53 and 54) 
Packing Cases (10 and 11) 


SIAR WN 


Removal 


Disconnect the coupling between the turbine and driven machine. 
. Remove the turbine casing cover (3 and 64, Figure 8-5), top half 
packing cases (10 and 11) and carbon rings (9) as described earlier. 

3. Remove the journal bearing liners (15 and 16) as described in Dis- 
assembly Section. 

4. Disconnect the governor linkage and remove the governor as out- 
lined in the Governor Maintenance Section (page 405). 

5. Place a sling between the rotor disks (44 and 45), and slowly lift the 

rotor approximately 1 in. (25 mm). 


Nr 


Caution: Keep the rotor level when lifting, to prevent binding it in 
the casing or damaging machined surfaces. 


6. Lift the oil rings (49) from the bearing housings. Move the rings to 
the side so that they are free of the bearing housing support cast- 
ings, then lift the rotor assembly out of the turbine casing. 


Caution: Chock the rotor assembly with blocks to prevent it from 
rolling when removed from the casing. Also protect the 
rotor journals and carbon ring sealing areas by wrapping 
them with clean rags or other suitable covering. 


Clearances 


Refer to the Cold Clearance Diagram, Figure 8-10, for rotor dimensions. 
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Replacement 


1. 


SNA 


Lower the rotor assembly to within | in. (25 mm) of full replacement 
in the casing. Carefully guide the rotor while lowering it into the cas- 
ing to prevent the disks (44 and 45, Figure 8-5) from contacting the 
reversing blade assembly (37). 


. Position the oil rings (49) so they fall into the openings between the 


bearing liner supports located in the bottom of the bearing hous- 
ings. 


. Position the anti-rotation tab on the rotor locating bearing (50) to 


engage the groove in the steam end bearing housing (21). 


. Slowly lower the rotor into the casing. 

. Check bearing housing alignment. 

. Replace the journal bearing liners and caps. 

. Replace the governor and connect the governor linkage (Refer to 


Governor Maintenance Section). 


. Replace the carbon rings (9) top half packing cases (10 and 11) and 


casing cover (3 and 64) as outlined in Carbon Ring Replacement 
Section, and Assembly Section, earlier. 


Exhaust End Bearing Pedestal Replacement 


The exhaust end bearing pedestal (12 and 54) is attached to the turbine 
casing by four socket head cap screws (23) and two combining studs 
(17). The combining studs are threaded into the bottom half turbine cas- 
ing and pinned to the pedestal. 

Two dowel pins (25), pressed into the exhaust end of the turbine cas- 
ing, position and hold the pedestal in correct horizontal and vertical par- 
allel alignment with the steam end bearing housing (21 and 53). Spacers 
(24), located between the pedestal and turbine casing, are used to adjust 
and maintain proper angular bearing alignment. 


Disassembly 


1. 
2. 


3. 


Remove the rotor assembly as outlined in Removal Section, earlier. 
Remove the hold-down bolts and dowel pins from the pedestal sup- 
port feet. 

Support the weight of the turbine exhaust end casing with a jack, 
wooden blocks, or other adequate means. 

Remove the tapered pins (18, Figure 8-5) from the combining studs 
(17). 


. Loosen the four cap screws (23) three or four turns and pry the ped- 


estal away from the casing until the spacers (24) are free to move. 
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6. Remove the cap screws and spacers. Mark each spacer so it can be 
returned to the location from which it was removed. 


Caution: If spacers (24, Figure 8-5) are not returned to their original 
locations, bearing misalignment may occur. This will cause 
uneven bearing wear or possible failure. 


7. Slide the pedestal off the combining studs and dowel pins (25). 
Replacement 


Note: Bearing anti-rotation locating grooves must be provided at 
the horizontal split on replacement bearing pedestals. These 
grooves may be made by hand filing. Hold the liner so the 
tab is on the upstream end for clockwise rotation (looking in 
direction of steam flow) and on the downstream end for 
counterclockwise rotation. 


1. Slide the pedestal onto the combining studs (17, Figure 8-5) and dowel 
pins (25). 

2. Replace the spacers (24) and cap screws (23). Spacers must be re- 
turned to the same locations from which they were removed. 

3. Tighten the cap screws (23) and insert the taper pins (18) in the ped- 
estal and combining studs (17). 

4. Replace the rotor assembly as outlined in Replacement Section. 

5. Replace the bottom half journal bearing liners (15). Check the bear- 
ing alignment and adjust as necessary. 


Steam End Bearing Housing Replacement 


The steam end bearing housing (21 and 53, Figure 8-5) is attached to 
the turbine casing by four socket head cap screws (23). Two dowel pins 
(24), pressed into the steam end of the turbine casing, maintain the bear- 
ing housing in correct horizontal and vertical parallel alignment with the 
exhaust end bearing pedestal (12 and 54). Spacers (24), located between 
the housing and turbine casing, are used to correct any angular misalign- 
ment and also to adjust the axial position of the turbine rotor in the cas- 
ing. 


Disassembly 
1. Remove the rotor assembly as outlined in Removal Section. 


2. Remove the hold-down bolts and dowel pins from the steam end bear- 
ing support (29, Figure 8-5). 


7. 
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. Place a jack, wooden blocks or other adequate support under the 


steam end of the turbine casing and steam chest. 


. Remove the bolts (30) securing the support (29) to the bearing 


housing (21 and 53). 


. Loosen the socket head cap screws (23) and pry the bearing housing 


away from the turbine casing until the spacers (24) are free to 
move. 


. Remove the cap screws and spacers. Mark the spacers so they can 


be returned to their original locations. 


Caution: If the spacers (24, Figure 8-5) are not replaced in their 
original locations, bearing misalignment may result. This 
can cause uneven bearing wear or possible bearing fail- 
ure. Nozzle ring to rotating blade clearance may also be 
affected, resulting in poor performance or mechanical 
failure. 


Pull the bearing housing off the dowel pins (25). 


Replacement 


Ab Ww 


Note: Bearing liner anti-rotation grooves must be provided at the 
horizontal split on replacement bearing housings. 


. Push the bearing housing onto the dowel pins (25, Figure 8-5) which 


are pressed into the steam end turbine casing. 


. Replace the cap screws (23) and spacers (24). Ensure that the spac- 


ers are returned to the same location from which they were re- 
moved. 


. Bolt the support (29) to the bearing housing. 
. Replace the rotor assembly as outlined in Replacement Section. 
. Replace the bottom half journal bearing liners (15), check the bear- 


ing alignment and adjust as necessary. 


Exhaust End Bearing Pedestal and Steam End Bearing Housing Alignment 


To obtain the correct bearing and rotor shaft journal contact, the bores 
of the exhaust end bearing pedestal and the steam end bearing housing 
must be in parallel and angular alignment. Dowel pins (25, Figure 8-5), 
pressed into the turbine casing, position the pedestal and bearing housing 
in horizontal and vertical parallel alignment. Spacers (24), located be- 
tween the pedestal and turbine casing and between the steam end bearing 
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housing and turbine casing, are used to correct any angular misalignment 
and to position the turbine rotor axially in the turbine casing. 


To Check The Alignment 


1. Remove the rotor assembly from the turbine casing and clean the 
shaft journals. 

2. Apply a light coating of soft blue to both shaft journals. 

3. Install bottom half journal bearing liners (15, Figure 8-5) in the bear- 
ing pedestal and steam end bearing housing. Be sure the liners are 
properly seated. 

4. Lower the rotor assembly until the full weight of the rotor is sup- 
ported by the journal bearing liners. 

5. Rotate the rotor assembly one quarter turn in each direction. 


Note: Ensure the rotor shaft is seated on the bottom of the bearing 
liners and not moving sideways or upward while being ro- 
tated. 


6. Remove the rotor assembly from the turbine casing and check the 
bearing contact. 


Note: The exhaust end bearing pedestal and steam end bearing 
housing are considered to be in alignment when bearing con- 
tact with the shaft journals is no less than 85 percent along 
the bottom of the bearing liners and when the contact along the 
sides of the liners is parallel with the bearing bore and equal on 
each side (See Figure 8-11). 


To Correct Any Misalignment 


1. Place shim stock, in increments of .002 in. (0.05 mm), behind the 
spacers (24, Figure 8-5) to correct the misalignment. 

2. Recheck the bearing contact and continue to add shims to achieve 
proper alignment. 

3. After the correct bearing contact is obtained, the shims must be re- 
moved from each spacer, and the thickness of the opposite spacer 
altered accordingly. (Surface grinding is the preferred method.) 


Example: It is necessary to add .004 in. (0.10 mm) shim thickness 
to the two bottom spacers, to achieve correct alignment; 
-004 in. (0.10 mm) must be ground from the two top 
spacers to maintain the alignment after the shims are re- 
moved. 
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Figure 8-11. Journal bearing and rotor shaft contact. 


4. Recheck the bearing contact, after the ground spacers have been in- 
stalled. 


Rotor Locating Bearing 


The rotor locating bearing (50, Figure 8-5) maintains the correct axial 
position of the rotor assembly to the nozzle ring and steam end bearing 
casing. The bearing is mounted on the rotor shaft with the shielded side 
of the bearing toward the trip body. A beveled retainer ring (51) holds the 
bearing in place on the rotor shaft. The outer bearing race fits into a 
groove in the steam end bearing housing (21 and 53), and is prevented 
from rotating by an anti-rotation tab which is permanently attached to the 
outer race. The anti-rotation tab fits into a slot at the horizontal split of 
the bearing housing. 


Disassembly 


1. With the rotor removed from the turbine casing; disassemble and 
remove the trip body as described in Trip Body Removal Section, 
later. 


388 § Major Process Equipment Maintenance and Repair 


2. Remove the retainer ring (51, Figure 8-5) with ring expanding pli- 
ers. 
3. Remove the locating bearing (50) with a bearing puller. 


Clearances 


To check the axial bearing clearance, an axial rotor float check must be 
made: 


1. Mount a dial indicator perpendicular to a vertical shaft face (such as 
the coupling hub or a rotor disk). 

2. Shift the rotor as far as possible in both axial directions while ob- 
serving the dial indicator. The normal axial rotor float is from .010 
in. (0.25 mm) to .018 in. (0.46 mm). In no case should the total 
indicator reading exceed .025 in. (0.64 mm). 


Adjustments 


The rotor locating bearing is not adjustable. Worn bearings must be 
replaced when the axial rotor float reaches .025 in. (0.64 mm). 


Assembly 


1. Install the bearing on the shaft by using a sleeve type bearing driver 
which contacts the inner bearing race. Seat the bearing solidly against 
the machined shoulder on the shaft (43, Figure 8-5). 


Note: Be sure the shielded side of the bearing is positioned toward 
the trip body (52). 


2. Replace the retainer ring (51). Seat the ring firmly in the groove on 
the rotor shaft, with the beveled edge of the ring positioned toward 
the trip body. 

3. Replace the trip body as outlined in Trip Body Replacement Section 
on page 400. 

4. Flush the locating bearing with oil before replacing the bearing cap. 


Nozzle Ring and Reversing Blade Assembly 


The relative locations of nozzle rings and reversing blade assembly are 
shown in Figure 8-11. The nozzle ring (33, Figure 8-5) directs the steam 
flow from the steam chest to the blades of the first rotor disk (44). Steam 
exits the blades of the first disk and passes through the reversing blade 
assembly (37) which directs it into the blades on the second rotor disk 
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(45). The reversing blade assembly is positioned between the two rotor 
disks and is bolted to the nozzle ring. The reversing blade assembly is 
positioned by spacers and requires no further adjustment. 


Disassembly 


1. Remove the rotor assembly as outlined in Removal Section. 

2. Remove the bolts (38, Figure 8-5), lockwashers (39), and spacers (40), 
and lift out the reversing blade assembly (37). Mark each spacer (40) 
so that it may be retumed to its original location. 

3. Remove the nozzle ring bolts (34 and 36), lockwashers (35) and 
nozzle ring (33) from the casing. 


Clearances 


The clearance between the nozzle ring (33, Figure 8-5) and the shroud 
on the first rotor disk (44) must be checked whenever the rotor assembly, 
nozzle ring or reversing blade assembly is replaced. This clearance is a 
minimum of .042 in. (1.07 mm) and a maximum of .072 in. (1.83 mm). 
The clearance can be measured with a feeler gauge. 


Adjustments 


Inspect the nozzle ring and reversing blade assembly annually. Clean 
scale or boiler compound deposits as necessary. Replace eroded parts. 


Assembly and Replacement 


1, Clean the casing and nozzle ring sealing surfaces. 

2. Apply a thin coat of paste type sealer and plastic string compound to 
the nozzle ring sealing surface on the steam end turbine casing (Refer- 
ence Figure 8-8). 

3. Apply anti-galling compound to the threads of the nozzle ring bolts 
(34 and 36, Figure 8-5). 

4. Bolt the nozzle ring to the turbine casing. Be sure that lockwashers 
(35) are used with all bolts. 

5. Place lockwashers (39) on the reversing blade assembly bolts (38) 
and apply anti-galling compound to the bolt threads. Put the bolts 
through the holes in the reversing blade assembly and slip the spac- 
ers (40) over the bolts. 

6. Position the reversing blade assembly (37) in the turbine casing and 
bolt it to the nozzle ring (33). 


Note: Be sure the reversing blade assembly is installed in the same 
location from which it was removed so that it covers all the 
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nozzles and overlaps the end nozzles by a minimum of five 
blades. The reversing blade trailing edges must point in the 
same direction as the nozzles. 


Return the rotor assembly to the turbine casing. 


Shaft Sleeve Seals 


Three seals (47, Figure 8-5) mounted on the rotor shaft, prevent oil leak- 
age from the steam end bearing housing (21 and 53) and exhaust end bearing 
pedestal (12 and 54). The seals also restrict the entry of steam, dust and dirt 
into bearing housings. 


Disassembly 


1. 


Remove the rotor assembly from the turbine casing as described in 
the Removal Section. 


. Remove the drive coupling from the rotor shaft. 
. Remove the trip body (52, Figure 8-5) and rotor locating bearing (50) 


from the rotor shaft. 


. Remove the two set screws (48) from each sleeve seal (47) and slide 


the sleeve off the rotor shaft (43). 


Replacement And Adjustment 


NO — 


a wR 


. Place sleeve seals (47, Figure 8-5) on the rotor shaft (43). 
. Replace the rotor locating bearing (50) and trip body as outlined in 


the Assembly Section. 
Install the drive coupling on the rotor shaft. 
Return the rotor assembly to the turbine casing. 


. Position the shaft sleeve seals to provide the axial clearances shown in 


Figure 8-10. 


. Tighten set screws (48) to lock the sleeves (47) in position on the 


shaft. 


Note: The tops of the set screws must be below the outside diame- 
ter of the sleeve seals. 


. Lock the set screws in place by staking the sleeve seals. 
. Replace the casing cover (3) and bearing caps. 
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1. Disassembly is not required to check axial clearances (H, L & M, Fig- 
ure 8-10). 

2. Remove bearing caps to check radial clearances (A, Figure 8-10) with 
feeler gauges. 


Overspeed Trip System 


Warning: Under no circumstances should the trip valve be blocked 
or held open to render the trip system inoperative. Over- 
riding the trip system, and allowing the turbine to exceed 
the rated (nameplate) trip speed, may result in fatal in- 
jury to personnel and extensive turbine damage. Always 
close all isolating valves and open drains to depressurize 
the turbine casing and steam chest before performing 
maintenance on the overspeed trip system. 


The overspeed trip pin assembly is contained in the trip body mounted 
on the turbine rotor shaft. When the turbine speed increases above the 
rated operating speed, centrifugal force exerted on the trip pin (1, Figure 
9-12) increases. When the centrifugal force overcomes the force of the 
trip pin spring (2), the weighted end of the pin protrudes from the trip 
body. The pin strikes the plunger assembly (7), forcing it against the ad- 
justable jack screw (8) in the bottom of the hand trip lever. The lever 
pivots on a shoulder stud; causing the top of the lever to move away from 
the resetting lever. This movement disengages the latch from the reset- 
ting lever knife edge and allows the closing spring to pull the trip valve 
closed. This stops the steam flow through the turbine. 


Disassembly, Overspeed Trip Mechanism 


Note: To check the trip pin for cracks, it is recommended that ei- 
ther the zyglo or dye check method be used. The “U” lock 
staples should also be examined for bends or cracks. The 
overspeed trip pin assembly can be checked by monitoring 
the frequency of overspeed trips. Check the assembly at least 
every 30 overspeed trips and at two year periods. 


1. Remove the steam end bearing cap as outlined earlier. 

2. Remove the “U” lock staple (3, Figure 8-12), surrounding the adjust- 
ing nut (4), by prying it out of the trip body. 

3. Remove the adjusting nut, trip spring (2) and washers (5), if pro- 
vided. 
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Figure 8-12. Overspeed trip system. 
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Note: Record the number of turns required to remove the adjusting 
nut (4) so it can be returned to its original setting during as- 
sembly. 


4. Rotate the rotor shaft 180° and remove the “U” lock staple sur- 
rounding the weighted end of the trip pin (1). 

5. Remove the trip pin from the trip body. (Remove the auxiliary 
weight (6), if furnished.) 


Trip Body Removal 


1. Remove the rotor assembly from the turbine casing. 

2. Remove the set screw from the trip body (52, Figure 8-5). 

3. Heat the trip body evenly with a torch. Apply heat as rapidly as 
possible, then pull the trip body from the rotor shaft. 


Caution: Care must be exercised to prevent heating the rotor locat- 
ing bearing and the rotor shaft when heating the trip body. 
Protect both by wrapping in asbestos cloth. 


Plunger Assembly Replacement 


The plunger assembly (7, Figure 8-12) can be removed by lifting it out 
of the bearing housing while the rotor assembly is out of the turbine cas- 
ing. (Except turbines equipped with bearing cases having a flanged gov- 
ernor fit such as PG, UG and O Governors.) Turbines equipped with PG, 
UG and O Governors employ an “Umbrella” plunger. A retainer ring, 
washer and spring arrangement must be removed from the bottom of the 
“Umbrella” plunger before lifting it from the bearing housing. 

If necessary, worn plunger assemblies can be replaced without remov- 
ing the rotor assembly. (See applicable details for “Umbrella” plunger 
removal, later.) To remove the plunger assembly shown in Figure 8-12: 


1. Remove the steam end bearing cap. 

2. Remove the governor and adapter piece from the steam end bearing 
housing. 

3. Loosen the jam nut (10, Figure 8-12) and remove set screw (11) from 
the side of the bearing housing. 

4. Remove the set screw from the plunger assembly and separate the 
two halves of the plunger to remove them from the bearing housing. 

5. Assemble in reverse order. 


Note: When replacing the plunger assembly in this manner, both 
parts of the new plunger assembly must be installed. 
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Trip Body Clearance 


1. The trip body to the shaft diametral interference fit is .001-.002 in. 
(.025-.051 mm). 


Caution: Consult the manufacturer if interference is less than .001 
in. (.025 mm). 


Trip Body Replacement 


1. Heat the trip body in hot oil or an oven. Do not exceed 500°F 
(260°C). 

2. Place the heated trip body on the rotor shaft and align the set screw 
holes in the trip body and shaft. 

3. Tighten the set screw to ensure proper positioning on the shaft, then 
back the set screw out of the body one or two turns. 

4. Tighten the set screw when the trip body has cooled to ambient tem- 
perature. 

5. Check the trip body runout. Runout should not exceed .003 in. 
(0.07 mm) on the outboard end of the trip body. 

6. Gradually overspeed the turbine by overcoming the governor (See 
Governor Operation, Chapter 10). 

7. Check that the plunger assembly (7) is properly positioned in the 
bearing housing, and return the rotor to the turbine casing. 


Assembly, Overspeed Trip Mechanism 


1. If furnished, place the auxiliary weight (6, Figure 8-12) on the trip 
pin (1). 

2. Insert trip pin (1) into the trip body. Position the weighted end of the 
pin on the opposite side of the trip body set screw. 

3. Press the “U” lock staple (3) into the trip body to secure the 
weighted end of the trip pin. Be sure the staple is fully seated in the 
circular groove in the trip body. 

4. Place the trip spring (2) in the trip body. (Install washers (5), if fur- 
nished.) 

5. Return the adjusting nut (4) to its original setting, by tightening the 
nut the same number of turns recorded during disassembly. 

6. Press the “U” lock staple (3) into the trip body to lock the adjusting 
nut (4). Be sure the staple is fully seated in the circular groove in the 
trip body. 


Note: The overspeed trip should be tested after performing any 
maintenance on the trip system. 
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Adjusting The Trip Pin And Plunger Clearance 


1, Remove the inspection plug (12, Figure 8-12) from the steam end 
bearing cap: 

2. Rotate the rotor shaft, by hand, until the adjusting nut (4) can be 
observed through the inspection hole. This will position the 
weighted end of the trip pin (1) directly above the plunger assembly 
(7). 

3. Latch the resetting lever and loosen the jam nut (9) on the trip lever 
jackscrew (8). 

4. Push the plunger assembly (7) upward and into the bearing housing, 
until it is in solid contact with the trip pin. 

5. Adjust the jackscrew to obtain 1/16 in. (1.6 mm) clearance between 
the base of the plunger (7) and the jackscrew (8). 

6. Tighten the jam nut (9) and recheck the clearance. 


Caution: The jam nut (9, Figure 8-12) must be locked, at all times, to 
prevent the jackscrew from vibrating loose during operation. 
A loose jackscrew can render the trip system inoperative. 


Adjusting The Turbine Trip Speed 


1. Remove the inspection plug (12, Figure 8-12) from the steam end 
bearing cap. 

2. Rotate the rotor shaft, by hand, until the adjusting nut (4, Figure 9-12) 
can be viewed through the inspection hole. 

3. Latch the resetting lever (11, Figure 8-4). 

4. Place a non-ferrous drift pin on the adjusting nut and strike the drift 
pin sharply to ensure that the trip pin (1, Figure 8-12), trip valve and 
trip linkage function properly. 

5. Latch the resetting lever and start the turbine. Closely monitor the 
turbine speed during operation. 

6. Gradually overspeed the turbine by overcoming the governor (see 
Governor Operation, chapter 10). 


Caution: Do not allow turbine to exceed 2 percent above the rated 
(nameplate) trip speed. 


7. Ifthe overspeed trip does not function within 2 percent of the rated 
trip speed, manually trip the turbine, by striking the top of the 
hand trip lever. Then close the steam inlet shutoff valve. 

8. When the rotor shaft stops rotating, turn the shaft, by hand, until 
the adjusting nut is visible through the bearing cap inspection hole. 
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. Partially pry the “U” lock staple away from the trip body until the 


adjusting nut is free to turn. 

Turn the adjusting nut to change the trip speed. Turning the nut 
counterclockwise will decrease the trip speed. Turning the nut 
clockwise will increase the trip speed. 

Push the “U” lock staple into the trip body, and check that the trip 
pin (1, Figure 8-12) moves feely. (Be sure staple is firmly 
seated.) 

Start the turbine and check the trip speed. Continue to make trip 
adjustments until the turbine trips at the rated (nameplate) trip 
speed. 


Disassembly, Trip Valve 


1. 
2. 
3. 
4. 


Place the trip valve in the tripped position and disconnect the closing 
spring (14 and 49, Figure 8-4) from the resetting lever (11). 

Remove the cap screws (4) from the valve cover (3) and lift the trip 
valve assembly (17) and cover from the steam chest body (1). 
Remove nut (15), spring (41), bushing (43) and spring seats (40 and 
42) from the valve stem. 

Turn the valve stem out of connection (46) and remove the valve 
assembly (17) from the cover (3). 


Guide Bushing Replacement 


1. 


2. 


Disassemble the trip valve as described under “Disassembly, Trip 
Valve” Section. 

Drive the bushings (16, Figure 8-4) out of the valve cover (3) with a 
non-ferrous drift pin. 


. Clean and de-burr the valve cover. 
. Press new bushings into the valve cover and lock them in place by 


staking the cover. 


. Assemble the valve as outlined under “Assembly, Trip Valve” Sec- 


tion. 


Assembly, Trip Valve 


1. 
2. 
3. 


Clean the sealing surfaces on the valve cover flange and steam 
chest body. 

Insert the valve stem into the lower guide bushing (16, Figure 8-4) and 
push the valve stem through the valve cover. 

Turn the valve stem into and through connection (46) and replace 
spring seats (40 and 42), bushing (43), spring (41) and locknut (15). 
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4. Apply a combination of paste and plastic string sealants to the seal- 
ing surfaces of the steam chest valve cover flange. 

5. Return the valve assembly and cover to the steam chest body and 
tighten the cap screws (4). 

6. Backseat the trip valve per Backseating the Trip Valve Section, and 
connect the closing spring (14 and 49) to the resetting lever (11). 


Backseating The Trip Valve (Refer to Figure 8-13) 


1. Disassemble and inspect the trip valve and linkage to ensure clean- 
liness of all parts. Replace worn linkage pins, guide bushings, 
valve stem, knife edge, latch, etc. 

2. Reassemble the trip valve and linkage per Assembly, Trip Valve 
Section. 

3. Disconnect closing spring (1) from resetting lever (2). 

4. Remove locknut (3) from trip valve stem (4). 


Note: Firmly grasp spring (10) to prevent rapid decompression 
while removing locknut (3). 


5. Raise connection (5) to backseat the valve (12) against the lower 
guide bushing (9) by prying against the bottom of connection (5) 
and the valve cover (6) with a long screwdriver as shown in Figure 
8-13. 

6. Slightly release the pressure on the screwdriver and turn valve 
stem (4) in or out of connection (5) to provide .12 in. (3 mm) over- 
lap between the bottom of the resetting lever (2) knife edge and the 
top of the hand trip lever (8) latch. Turning the valve stem (4) 
clockwise (rotation viewed from top of trip valve) decreases the 
overlap; counterclockwise increases. 


Note: Turning the valve stem in small increments will have great 
effect on the overlap adjustment. Care must be taken to pre- 
vent over adjusting. 


7. Replace and fully tighten locknut (3) until the upper spring seat 
(11) is firmly seated against bushing (13). Prevent the valve stem 
from turning by placing a wrench on the valve stem flats (4) lo- 
cated below the connection (5). 

8. Raise the resetting lever (2) until the valve (12) backseats against 
bushing (9) and check that the bottom of the resetting lever (2) 
knife edge is still .12 in. (3 mm) below the top of the hand trip 
lever (8) latch. 

9. Latch the resetting lever and verify that spring (10) compresses. 
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Warning: If spring (10) does not compress, readjustment is re- 
quired. If backseating occurs with knife edge more than 
.12 inches below latch, the “play” in connection (5) 
will be exceeded. This may cause the lever (2) to bend 
and result in excessive forces holding the knife edges, 
so that the trip system is rendered inoperative or dam- 
age to the trip valve stem pin occurs. 


10. Reconnect closing spring and check trip valve operation. 
Trip System Linkage 


Note: The backseating adjustment has a direct effect on steam leak- 
age along the trip valve stem. Check trip valve operation af- 
ter every adjustment. 


1. Frequently inspect the trip system linkage for cleanliness and free- 
dom of movement. 

2. Replace pin (6, Figure 8-4), bushing (7), blocks (45) or shoulder stud 
(33) if the linkage develops excessive play. 

3. Lubricate the linkage pins, shoulder stud and auxiliary resetting 
lever (10) with a high temperature water resistant silicone grease. 


Trip System Clearances (Refer To Figure 9-4) 


1. With the resetting lever latched, maintain %s in. (1.6 mm) clearance 
between the weighted end of the trip pin (1, Figure 8-12) and plunger 
assembly (7, Figure 8-12). 

2. The diametral clearance between the valve cover bushings (16) and 
the trip valve stem should be .008 to .010 in. (0.20 to 0.25 mm), 

3. To ensure positive backseating, adjust the trip valve to provide .12 
in. (3 mm) overlap between the resetting lever knife edge (12) and 
the hand trip lever latch (31). 

4. The resetting lever knife edge (12) and latch knife edge (31) must 
overlap approximately 1/3 in. (3 mm) when the resetting lever (11) 
is latched. 


Note: Latch knife edge (31) can be rotated in 90° increments to 
provide a new latching surface for the resetting lever 
knife edge (12). The resetting lever knife edge (12) can be 
rotated 180° to provide a new mating surface for the latch 
knife edge (31). Replace the knife edge and latch when 
adjustment can no longer be made to compensate for 
worn latching surfaces. 
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Caution: The clearance between the resetting lever (11) and the 
auxiliary resetting lever cam (10) should be 1/16 to ¥/s in. 
(1.5 to 3 mm) with the trip valve in the closed position. 
This clearance will prevent the cam shaft from bending 


and hampering the trip operation. 
Govemor Valve 
Warning: Close all isolating valves and open drains to depressurize 


turbine casing and steam chest before performing main- 
tenance on the governor valve or its linkage. 


The governor valve (18, Figure 8-4), located in the steam chest body (1), 
regulates the steam flow through the turbine. The valve is positioned through 
mechanical linkage, by the speed governor. 


Governor Valve Disassembly (Refer to Figure 8-4) 


1. 
2. 


3. 


Remove the linkage connecting the governor valve to the governor. 
Remove bolts (26, Figure 8-4) from the valve cover (21, 35) and pull 
the cover and valve (18) away from the steam chest body (1). 

Remove the valve stem connection (36) and jam nut (37) from the 
valve stem (20) and remove the stem from the cover assembly. 


. The valve seat (27) has a shrink fit in the steam chest. Welded 


blocks in the steam chest prevent valve seat movement. These 
blocks (29) must be removed by chipping or grinding before remov- 
ing the valve seat. 


. Chill the valve seat (27), by packing with dry ice (CO,), and pull 


the seat from the steam chest with a puller. 


. Remove the valve seat bushing (28) by driving it from the valve seat 


with a nonferrous rod. Replace the bushing by pressing it into the 
valve seat. Stake the valve seat to lock the bushing in place. 


Clearances 


1. The governor valve must move freely at all times. A smooth sliding fit 


is necessary between the valve stem (20, Figure 8-4) and the packing 
(23, 34), and between the stem and guide bushings (22, 28). 


. The governor lever and linkage should also be smooth sliding fits. 


The governor valve travel should be set in accordance with the 
value shown on Page ii. The governor valve has a maximum travel 
of '/ in. (13 mm). 
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Adjustments 


1. Inspect the governor linkage, valve stem and bushings for loose fit- 
tings or excessive play before attempting any adjustments. Replace 
as necessary. 

2. With the governor valve, governor servo motor or actuator, and 
linkage fully assembled: 

a. Turn the valve stem (20, Figure 8-4) from the connection (36) 
until the valve is fully seated. 

b. Adjust the jam nut (37) so the distance between the jam nut and 
connection (36) is equal to the valve travel dimension shown on 
Page 

c. Screw the valve stem into the connection until the jam nut con- 
tacts the face of the connection. 

d. Lock the jam nut by tightening it against the connection. 


Inspect the governor valve stem (20) and guide bushings (22, 28) for 
wear and replace as necessary. 

Remove the packing follower (25, Figure 8-4) and replace the valve stem 
packing (23, 34) if excessive steam leakage is evident. (See details A and B, 
Figure 8-14.) 


Note: Do not overtighten the packing follower (25, Figure 8-4). The 
governor valve stem can bind in the valve cover and result in 
erratic speed control. 


Lubricate the governor linkage pins with high temperature, water resistant 
silicone grease. 


Assembly (Refer to Figure 8-4) 


1. Chill the valve seat (27) with dry ice (CO,) and press it into the 
steam chest body (1). 


Note: The number of ribs (either 3 or 4) found on the valve cage 
body depends on the size of the steam chest and governor 
valve. Position these ribs to allow the inlet steam flow be- 
tween them (Figure 8-12). Do not confuse these ribs with guide 
bushing ribs. Do not weld blocks (29) to the governor valve 
seat (27). This may distort seating surfaces. 


. Weld blocks to the steam chest (180° apart) to secure the valve seat. 
. Place the governor valve stem (20) in the valve cover (21, 35). 
. Replace connection (36) and jam nut (37) on the valve stem (20). 


kWh 
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5. Clean the joint between the valve cover (21, 35) and the steam chest 
body (1). Apply a combination of paste and plastic string sealing 
compounds on the sealing surfaces. 

6. Replace the cover and tighten bolts (26). 

7. Connect the governor valve linkage and adjust the valve travel. 


Overload Hand Nozzle Valve 


Note: Close all isolating valves and open drains to depressurize 
turbine casing and steam chest before performing mainte- 
nance on the hand valve. 


Disassembly (Refer to Figure 8-6) 


The hand valve assembly is bolted to the bottom half steam and turbine 
casing. Remove cap screws (8) to remove hand valve from casing. 


Adjustments 


1. Keep the valve stem packing (4) tight by adjusting the packing fol- 
lower (2). 

2. Replace the packing when follower adjustment no longer prevents 
steam leakage along the valve stem. 


Assembly 


1. Apply a thin coat of paste type sealing compound on the valve body 
flange. 

2. Coat the cap screw threads (8) with an anti-galling compound. 

3. Bolt the valve body to the turbine casing and tighten. 


Steam Turbine Lubrication 


Proper lubrication is a primary factor in achieving maximum trouble- 
free operation. Only the best grades of oil should be used for turbine lu- 
brication. Using the best oils will help eliminate costly downtime due to 
bearing failures and other lubrication related problems. 


Basic Oil Requirements 


Turbine manufacturers sometimes do not recommend specific brands 
of oil; they ask equipment owners to consult reliable oil suppliers regard- 
ing their lubrication requirements. The oil should be a premium quality 
mineral lubricant which will readily separate from water and have mini- 
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mum tendency to emulsify or foam when agitated. It should have high 
rust and oxidation resistance and minimum sludge, lacquer, varnish or 
resin forming tendencies. In addition to these requirements, Tables 8-5 and 
8-8 contain other necessary information to aid in selecting the proper lubri- 
cating oil for your turbine. 

Turbines driving through speed reduction or increasing gears are often 
pressure lubricated by the gear lubrication system. Refer to the gear man- 
ufacturer’s instructions for gear oil requirements. 


Care of Oil 


Lubricating oil should be maintained in first class condition by pre- 
venting contamination from moisture, dust, dirt or other impurities. An 
oil maintenance analysis program is recommended for determining the 
frequency of oil changes. Consult your oil supplier for assistance in es- 
tablishing a program that will meet your specific lubrication maintenance 
requirements. Refer also to Chapter 12. 


Methods of Lubrication 


Most steam turbines are furnished with either an oil ring lubrication 
system or a pressure lubrication system. Pressure lubricated turbines 


Table 8-9 
Rotor Class Designations and Construction Features 
for Single-Stage Turbines 





CLASS 1 CLASS 2 CLASS 3 
Service LOW PRESSURE, MEDIUM PRESSURE MEDIUM PRESSURE 
MEDIUM MEDIUM HIGH 
Component TEMPERATURE TEMPERATURE TEMPERATURE 
Shaft Medium carbon Chrome-molybdenum = Chrome-molybdenum 
steel steel steel 
Disk Low alloy high Medium alloy high Medium alloy high 
strength steel strength steel strength steel 


Trip Device Standard Standard Special 
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equipped with a Class 1 or Class 2 rotor (rotor class designated on Table 
8-9), are furnished with oil rings. The oil rings provide bearing lubrica- 
tion during turbine startup and shutdown. This arrangement employs a 
standpipe, installed in the bearing housing oil drain connection, to main- 
tain the proper oil level for oil ring operation. 

Turbines equipped with a Class 3 rotor are pressure lubricated and use 
an auxiliary oil pump for bearing lubrication during turbine startup and 
shutdown. Standpipes and cooling tubes are also used with this arrange- 
ment but oil rings are not. 


WITH VALVE (12) BACKSEATED AGAINST 
BUSHING (9) TURN VALVE STEM (4) IN OR 
QUT OF CONNECTION (5) UNTIL THE 
BOTTOM OF RESETTING LEVER (2) KNIFE 
EDGE IS..12 INCH (3mm) BELOW TOP OF 
HAND TRIP LATCH (8). 





® LATCH 


KNIFE EOGE 


Figure 8-13. Backseating the trip valve. 
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Figure 8-14. Govemor valve packing arrangement. 
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Figure 8-15. Oil ring lubrication. 
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Oil Ring Lubrication (Refer to Figure 8-15) 


The oil ring lubrication system is a simple system which employs oil 
rings to deliver oil to the turbine bearings. The rings, approximately 
twice the diameter of the shaft journals, are rotated by the journals and 
carry oil from the bearing housing reservoirs to the top half bearing lin- 
ers. The oil flows axially along the top liners through grooves. Rotating 
journals carry the oil to the clearance between the bearing liners and the 
shaft journals. Oil drains from the ends of each bearing liner and returns 
to the bearing housing reservoirs to be cooled and recycled. Oil dis- 
charged from the steam end journal bearing floods the rotor locating 
bearing before draining into the bearing housing reservoir. 

A cooling water tube arrangement, as shown in Figure 8-15, is used to 
cool the oil in the bearing housing reservoirs of oil ring lubricated turbines. 
Turbines having additional cooling requirements are furnished with water 
cooled bearing caps (Figure 8-16). 

Shielded glass oilers (Figure 8-17), installed on the sides of the bearing 
housings, maintain a constant reservoir oil level when the turbine is oil 
ring lubricated. To assure the oil level is correct, the level adjuster 
crossarms must be adjusted to provide the '%« in. (23.8 mm) dimension 
(between the bottom of the lower crossarm and the bottom of the level 
adjuster base) shown on Figure 8-17. Lock the crossarms in place by tight- 





COOLING COOLING DRAIN 
WATER TUBE PLUG 


Figure 8-16. Schematic view, water cooled bearing housing and cap. 
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Figure 8-17. Glass oiler. 


ening the upper crossarm down against the lower crossarm. Oil must be 
visible in the oiler bottles at all times during operation. Empty bottles 
indicate possible low reservoir oil levels. Care must also be taken to 
avoid overfilling the bearing housing reservoirs. High oil levels will re- 
strict oil ring rotation and may also cause inadequate bearing lubrication. 


Note: Correct bearing casing oil is maintained by filling reservoir 
to 1/2 in. above inside diameter of bottom half of oil ring. 
This level is maintained by the crossarm adjustment. 


To Change Oli in Bearing Housing Reservoir: 


—_ 
« 


Remove % in. drain plug (item 55, Figure 8-5) from bottom of bearing 

housing reservoir. 

Replace plug after draining bearing housing. 

Remove oiler bottle from lower reservoir (Figure 8-17). 

. Fill bearing housing reservoir by pouring oil into the lower reser- 
voir of the oiler until the oil level reaches the bottom of the level 
adjuster crossarms. 

5. Fill oiler bottle with oil and install in the lower reservoir. 


AYN 
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Note: Ensure bottle is seated on level adjuster crossarms. 


6. Tighten knurled thumb screw to secure bottle in the lower reser- 
voir. 


Pressure Lubrication 


Details of pressure lubrication systems vary widely. Each system is de- 
signed to meet the turbine application requirements. Factors such as the 
type of driven equipment, operational and environmental conditions and 
individual preferences in the selection of various components, may affect 
the specific design of the system. 

Pressure lubrication systems are generally similar in that each employs 
a pump to draw oil from a reservoir and deliver it under pressure to the 
bearings and other parts requiring lubrication. The oil then drains by 
gravity flow back to the reservoir to be recirculated. 

In most cases, the oil supply piping contains an oil filter, oil cooler and 
a pressure control device. Twin oil coolers, filters, and transfer valves 
are sometimes used in the pressure lubrication system. This arrangement 
allows the cooler or filter to be isolated for maintenance or repairs with- 
out shutting down the system. 

Various types of optional monitoring, control and safety devices can be 
used with pressure lubrication systems. Among these devices are pres- 
sure and temperature indicators, auxiliary pumps, alarms and emergency 
shutdown devices. 


Governor Lubrication 


This segment provides lubrication, operation and maintenance instruc- 
tions for a typical small turbine governor. This governor system employs a 
Woodward, Model TG-10, Mechanical Hydraulic Speed Control Governor 
as shown in Figure 8-18. 

The governor is bolted to an adapter which is mounted in the steam end 
bearing housing. The governor driveshaft is coupled to the trip body by a 
flexible coupling. The governor valve lever, adjustable connecting rod, 
and terminal shaft lever connect the governor rotary terminal (output) 
shaft to the governor valve. 

The TG-10 governor has a self contained oil reservoir with a 1.75 
quart (1.7 liter) capacity. A breather, located on the top of the governor, 
vents the reservoir and also serves as a plug for the oil filler hole. An oil 
level sight glass on the side of the governor indicates the operating oil 
level. A reservoir drain plug is located in the governor end cover. 
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Figure 8-18. Governor system arrangement. 


To replenish the oil supply; remove the breather and fill the governor 
until oil is visible in the sight glass. A quality turbine oil having a viscos- 
ity of 100 SUS at 100°F (14 mm?/s at 50°C) to 220 SUS at 100°F (26 
mm72/s at 50°C) is recommended. Most SAE oils, without a tendency to 
foam, are acceptable. 

It is advisable to change the oil at regular intervals to ensure trouble- 
free operation and long governor life. Operating the governor with dirty 
oil or with a low oil level can cause the governor to malfunction and re- 
sult in possible damage to the turbine and/or the governor. 


Principle of Governor Operation (Refer to Figure 8-19) 


The TG-10 governor is coupled to the trip body, and driven by the tur- 
bine rotor shaft. The governor uses mechanical force to sense the turbine 
speed, and hydraulic force to correct the speed. The hydraulic force is 
generated by an internal oil pump. The pump draws oil from the gover- 
nor reservoir and discharges it to a spring loaded accumulator which 
stores high pressure oil to help maintain the full work capacity of the gov- 
ernor. A relief valve, built into the accumulator, maintains 150 psig (10 
bar) operating oil pressure in the governor oil passages. 
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Spring loaded flyweights sense the turbine speed. When the speed 
changes, centrifugal force causes the flyweights to pivot outward or in- 
ward. The flyweights actuate the pilot valve plunger which opens or 
closes a control port in the pilot valve bushing. The control port directs 
the control oil to or from the bottom side of the power piston. 

The power piston is connected through linkage to the rotary terminal 
(output) shaft. Control oil moves the power piston. The motion is trans- 
mitted mechanically through the terminal shaft and connecting governor 
valve linkage, to position the turbine governor valve. 


Initial Start-Up (Refer to Figure 8-20) 


1. Fill the governor with oil and check for signs of leakage. 
2. Check the governor linkage for ease of movement. 
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Figure 8-19. Governor schematic. 
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3. Check the linkage jam nuts, set screws and shoulder screws to en- 
sure that they are tight. 

4. Turn the speed adjusting screw to minimum speed (counterclock- 
wise). 

5. Start the turbine in accordance with the initial startup procedures, 
given earlier, and check the governor for oil leakage, vibration and 
ease of linkage operation. 

6. After the turbine is thoroughly warmed up and operating satisfacto- 
rily at minimum speed; slowly increase speed, by turning the speed 
adjusting screw clockwise, until the turbine is operating at rated 
speed. 

7. Continue to monitor the overall governor operation for any abnor- 
mal conditions. 


Note: Due to the design characteristics of the TG-10 governor the 
operating temperature may often exceed 200°F (94°C). 
Continuous operation at this temperature is acceptable and 
does not exceed the design limits. The governor may feel un- 
usually hot to the touch, but this is not an indication of over- 
heating. 


8. After the turbine has been operated satisfactorily at rated speed (for 
approximately one hour), check the overspeed trip by turning the 
speed adjusting screw full travel in the clockwise direction while 
closely monitoring the turbine speed. If the rated trip speed cannot 
be obtained by turning the adjusting screw, it will be necessary to 
overcome the governor, by placing a bar between the governor 
valve lever and the valve cover and slowly prying the governor 
valve open. 


Caution: Pry the valve evenly and squarely from the valve body. 
Uneven force on the valve stem can bend the stem and 
cause binding. Also, monitor the turbine speed closely. If 
the turbine does not trip within 2 percent of the rated trip 
speed, strike the hand trip lever and adjust the overspeed 
trip as discussed earlier. 


Routine Start-Up 


Start the turbine as outlined in Routine Startup procedures, earlier. 
Monitor turbine speed and turn the speed adjusting screw as required to 
bring the turbine to the desired speed. 
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Governor Maintenance (Refer to Figure 8-20) 


Routine Maintenance 


Because of the simplicity of the TG-10 Governor System, a minimum 
of maintenance is required. The following checks should be made: 


1. 
2. 


3. 
4, 


Check the governor oil level daily. 

Frequently sample the governor oil. Change oil if the sample shows 
signs of contamination. 

Check the governor linkage for binding, excessive play and loose 
bolts, jam nuts or set screws. 

Keep the linkage clean and well lubricated with a high temperature, 
water resistant silicone grease. 


Governor Disassembly 


Internal governor maintenance is not recommended. It is advisable to 
replace the governor if defective. If the governor must be dismantled in 
the field, Woodward Bulletin 04041 should be requested. This Bulletin 
lists all special tools and replacement parts necessary for making repairs 
to the TG-10 governor. 


Governor Removal (Refer to Figure 8-20) 


1. 


oO 


Disconnect the adjustable connecting rod (15) from the terminal 
shaft lever (17) by removing elastic stop nut (19) from shoulder 
screw (13). 


. Loosen socket head cap screw (18) on the terminal shaft lever (17) 


and slide the lever off the terminal shaft. 


. Remove the four cap screws (4) which secure the governor (2) to 


the adapter (1) and remove the governor from the adapter. 


. Loosen the coupling flange set screws and remove the flange and 


key (5) from the governor driveshaft. (See Coupling Detail, Figure 
8-20). 


. Remove the steam end bearing cap as outlined earlier, and remove 


the adapter (1) by lifting it out of the groove in the steam end bear- 
ing housing. 


- Remove the coupling sleeve from the trip body coupling flange. 


Loosen the coupling flange set screws to remove the flange and key 
(5) from the trip body (See Coupling Detail, Figure 8-20). 
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Clearances (Refer to Coupling Detail Figure 8-20) 


1. 


2. 


3. 


Maintain .065 in. to .075 in. (1.7 mm to 1.90 mm) gap between the 
coupling (6) and the ball head adapter. 

Adjust gap “A” to maintain the coupling sleeve axial clearance .030 
to .060 in. (.76 to 1.5 mm). 

Maintain the coupling sleeve axial clearance float of .030 to .060 
in. (.76 to 1.5 mm). 


Note: Proper float of .030 to .060 in. (.76 to 1.52 mm) is to be 
maintained to protect the TG-10 governor from any turbine 
shaft thrust and thermal expansion loads, and to ensure suf- 
ficient coupling tooth engagement. 


Governor Installation 


1. 


10. 


11. 


Assemble with the steam end bearing cap (22) removed. (The cou- 
pling can be inspected with this cap removed and “A” clearance 
can be checked.) 


. Place the key (5, Figure 8-20) and coupling flange (6) on the trip 


body (23). 


. Install the coupling flange (6) on the trip body (23) allowing .080- 


.090 in. (2.03-2.29 mm) clearance between their vertical sur- 
faces. Snug up set screws since the flange will be repositioned 
later to obtain “A” clearance. 


. Install coupling sleeve in the coupling flange. 
. Mount governor adapter (1) into machined groove on bottom half 


steam end bearing casing. 


. Place the key (5, Figure 8-20) and governor flange on the governor 


drive shaft. 


. Adjust the coupling flange to provide the proper clearance between 


the flange and the ball head adapter and lock the flange in place by 
tightening the set screws. (Coupling detail, Figure 8-20). 


. Mount the governor (2) on the adapter (1) making sure the cou- 


pling sleeve engages the governor coupling flange. 


. Replace the four cap screws (4) to secure the governor to governor 


adapter. 

Loosen the set screw and slide the coupling flange up tight against 
the coupling sleeve and the locked governor flange. Measure the 
gap between the coupling flanges, “A” dimension. 

Add the float .030 to .060 in. (.76 to 1.52 mm) to this gap (mea- 
sured in previous step) and then reset “A” to this clearance. 
Tighten the flange setscrew and recheck the float. 
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Linkage Adjustments 


1. Rotate the terminal output shaft to the middle position of its total 
travel. Place the terminal shaft lever (17, Figure 8-20) on the shaft 
so that it is in the vertical position. 

. Tighten cap screw (18) to secure lever (17) to the terminal shaft. 

. Move terminal shaft lever (17) to the full open position (clockwise 
direction). 

4. Connect adjustable connecting rod (15) to the terminal shaft lever 
(17) by placing shoulder screw (13) through rod end (14). 

. Replace elastic stop nut (19) on shoulder screw (13). 

. Loosen the governor valve stem jam nut, and turn the valve stem 
out of the governor valve connection until the valve is firmly- 
seated. 

7. Back the valve off of the seat, by turning the stem into the connec- 

tion to provide design valve travel. 

8. Lock the valve stem jam nut. 


wh 
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Operation and Maintenance of 
Cryogenic Plant Turboexpanders’* 


Turboexpanders have been used for many years in cryogenic process- 
ing plants to generate the deep, low-temperature refrigeration required by 
industry for gas separation and liquefaction or purification, the recovery of 
power from waste heat, and for other rleated processes. Figure 8-21 shows 
one such machine. 

The turboexpander is a specialized, high-efficiency turbine, develop- 
ing the required low temperature by removing heat from the process 
stream as power, thus chilling the gas. The power developed is a by- 
product of the gas expansion, and the amount of chilling is equal to the 
power generated. To absorb this energy, various loading devices are 
used. Machines developing less than 50 hp normally dissipate the energy 
in an oil turbulence device (dynamometer). For the recovery of higher 
amounts of power, integral compressor loads, electric generators, or 
pumps are usually used. 

Today’s high-speed turboexpanders are of rugged construction, suit- 
able for years of trouble-free service with minimum attention to mainte- 
nance after installation and startup. Provisions are built into the systems 
to resist numerous abuses to which they may be subjected, such as ice 
deposits, solids passing through from plant lines, pressure surges, sudden 
cooldown, etc. 


* Copyright® Rotoflow Corporation, 1983. Reprinted by permission. 
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Figure 8-21. Expander-compressor. 


The turboexpander is usually mounted on a single rigid steel baseplate 
with support systems for simplicity of installation, requiring only con- 
nections to the plant process, seal gas supply, cooling water, and power 
supply lines. 

Proper checkout at installation and regular routine maintenance of the 
system will ensure years of trouble-free operation with a minimum of 
downtime. 


Pre-Checkout 


A simple “Three-Step” precheck of the system provides an adequate 
inspection of all components: 

First, disassemble, inspect, and clean the rotating parts of the machine 
which are incorporated in the “mechanical center section” (Figure 8-22) 
to ensure that the unit is totally free of dirt and moisture, and that all 
critical parts are free of damage. After reassembly, provide adequate 
protection to prevent recontamination prior to reinstallation on the skid. 
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Figure 8-22. Mechanical center section of expander-compressor. 


Second, with the mechanical center section removed, connect the oil 
supply piping to the oil drain line and flush the lubrication system for 6 to 
24 hours. Use the same grade of oil that is to be used during operation, 
and heat it to 150°F, or as hot as possible without endangering critical 
pump clearances. Heat will decrease the viscosity of the lube oil to effect 
better cleaning. Circulate the oil with both pumps operating to help heat 
the oil and to increase its velocity and turbulence. On completion, dis- 
card or purify the flushing oil and filter cartridges, and fill the system 
with clean oil, installing new filter cartridges throughout the lube system 
(for details on oil lube purification or reclamation, see Volumes | and 2 
of this series). Third, verify that all gauges, controls, and safety devices 
are properly connected, set and operative. 

Fourth, check the electrical and hydraulic systems with the rotating 
parts reinstalled on the unit(s), seal gas flow established,* and the oil 
system connected and operating. Prepare a table similar to Table 8-10 


* New seals may not leak at the specified rate but will soon break in. Meantime, mainte- 
nance of a seal gas pressure above the pressure being sealed is sufficient. 
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showing desired vs. actual values of operating parameters. Settings are 
made at the factory but may drift during shipment and must be checked 
and reset as necessary. Today’s control/annunciation systems are largely 
trouble-free, using easily replaceable solid-state printed circuit cards 
without the complicated wiring connections used in earlier systems. This 
facilitates maintenance and checking of the electrical system. 

All alarms and shutdowns should be checked under simulated condi- 
tions, and all components tested through the plant annunciator control 
system. Verify that the inlet trip closes within the specified time (nor- 
mally one-half* second) to provide maximum expander protection. Acti- 
vate all shut-down controls, both for the system and the plant, to test the 
shutdown valve. Experience has shown that precise settings and checkout 
of the instrumentation at the site are key factors in smooth startup and 
operation of all systems. 


Pre-Startup 


The first component of the auxiliary system to be started is the seal 
gas. It is also the last to be shut off to prevent contamination of the pro- 
cess zone by the lubricating oil. An optional interlock feature is often 
used to prevent startup of the lube oil system until an adequate flow of 
seal gas is established. The seal gas is filtered and regulated to a given 
supply pressure. A graduated needle valve or other flow control** regu- 
lates the flow and pressure of the seal gas to the labyrinth seal, providing 
positive containment of the process gas and preventing its loss or contam- 
ination by the lube oil and possible dilution of the lube oil by the process 
gas. 

To start the lubrication system, open the pump and filter bypass valves, 
close the accumulator inlet valve, and then turn on the pump(s). The fil- 
ter selector switch should be so positioned as to allow the purging of 
trapped gas or air in both filters. If two pumps are provided, both should 
be started. 

After several minutes, when the system is thoroughly purged, close the 
pump and filter bypass valves. Once the system is brought up to pres- 
sure, the second pump should be stopped and placed in the auxiliary 
“standby” mode. The oil system is normally operated with one pump and 
one filter. 

Failure to purge the system of gas at low pressure in this manner cre- 
ates the risk of collapsing the filter cartridges when the pumps are turned 
on. 


* Some generator systems require more rapid response; and for some compressor- 
loaded systems a slower response is specified—of the order of several seconds. 
** In some systems a differential pressure control across the seal is used. 
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JOB # 


Unit # 
RPN 
Exp. P, 
Exp. Py 
Exp. Wheel Press. 
Load Py 

Load Po 
Comp. Wheel Press. 
Front Bearing 
Thrust Press, 

Back Bearing 
Thrust Press. 
Seal Gas Supply 


Seal Gas Exp. 

Seal Gas Comp. 
Res. Press. 
Bearing 011 Press. 
li.P.D. Press. 


Oi] B/Filter Press, 
Oil A/Filter Press. 


Res, Temp. 
H.P.D. Temp, 
Oil in Temp. 
Drain Temp. 
Front Bearing 
Temp. 

back Bearing 
Temp. 
Vibration 
TIME 

DATE 
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Table 8-10 
Typical Field Service Running Report 


FIELD SERVICE RUNNING REPORT 
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The accumulator system requires careful attention, since it maintains 
oil pressure to the bearings during the first critical seconds of coast-down 
in case of power failure (both pumps stopped). Ambient temperatures be- 
low 50°F require heat tracing and insulation of the accumulator. 

The accumulator should be flushed and checked periodically to ensure 
that the oil in the holding tank is clean and uncontaminated. First, place 
the seal gas and lube oil systems in operation with the accumulator inlet 
valve open so that the accumulator will be filled. Then close the accumu- 
lator inlet valve, and open the drain valve. Connect a pressure gauge to 
the top of the accumulator and adjust the pressure, as necessary. If the oil 
is contaminated, drain and refill as often as necessary to obtain a clean 
flow of oil. 


Pre-Start Mode 


Place the system in the prestart mode by bringing the plant to startup 
pressure. This is accomplished by starting the seal gas system and the 
lube oil system (to protect the bearings in case pressurization rotates the 
expander). Finally, pressurize the unit by opening first the expander dis- 
charge block valve, the compressor inlet block valve, and the compressor 
discharge block valve. Verify that all atmospheric vents are closed. 
Maintain the prestart mode long enough for the oil pressure to cease fluc- 
tuating, and the temperature to stabilize at prescribed levels. 


Startup 


Note 1: Prior to startup, verify that the range of the nozzle actuator rod 
responds proportionally to the specified air pressure signal. 
Note 2: Purge compressor (and if applicable, expander) casing for possi- 
ble accumulated liquid. 
Remember that turboexpanders come in different sizes and that expander, 
compressor and auxiliaries may differ from model to model. Our proce- 
dures are typical, but may have to be modified or adapted to a specific 
situation. Always consult with the manufacturer if discrepancies need to 
be resolved. On typical machines, with the seal gas flow established and 
oil temperature and pressure stabilized, proceed as follows: 


1. Clear all alarms and verify that the “expander ready” light is il- 
luminated. 

. Verify that the expander inlet block valve is closed. 

. Set the actuator inlet vane control to a low power position. 

. Open the inlet trip valve by pressing the start button on the panel (if 
provided). 


WN 
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5. Slowly turn the inlet block valve to full open to feed gas to the ex- 
pander. This should cause it to rotate at reduced speed.* 

6. Use the variable inlet nozzle control to increase the speed of the 
expander in 10 percent speed increments, at intervals of 20 to 30 
minutes. 

7. As the expander flow is increased, the flow passing through the 
Joule-Thomson bypass valve should be correspondingly decreased 
and, finally, flow control switched to automatic nozzle control. 


A minimum flow of approximately 65 percent of design must be main- 
tained through the compressor to avoid surge. 

Check the expander and compressor inlet screens during startup, and 
repeatedly during the first few hours of operation, for blockage by mate- 
rial from the plant lines. 

Adjust the seal gas flow to the minimum found to be required to pre- 
vent perceptible cooling of the oil drain line when the unit is operating on 
cold gas. 


Norma! Operation and Perlodic Maintenance 


Normal operation requires only routine monitoring of system controls 
and gauges. 

The following should be checked during each shift during initial opera- 
tions, and daily later on, and the readings logged: 


1. Reservoir lube oil level 
2. Seal gas flow 

3. Lube oil pressures 

4. Lube oil temperatures 
5. Thrust meter readings 


The lube oil should be changed every three to six months, or whenever 
there are indications of oil contamination, as evidenced by reduction of 
the oil viscosity. Frequent oil checks are necessary after startup to estab- 
lish the best timing and frequency for oil inspections. 

Filters do not require frequent cartridge change, except to remove con- 
taminated oil. 

Annual inspection of the expander-compressor is not essential, unless 
damage is suspected. 


* Some systems attain reduced speed and pressurization prior to opening the trip valve by 
slowly opening a bypass valve around the trip valve. If such a bypass valve is used, 
great care must be exercised to be sure the bypass valve is closed and kept closed while 
the trip valve is open. Otherwise, the trip valve loses effectiveness. 
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Shutdown 


The protective system for the expander includes alarm points for most 
or all shutdown conditions. This is intended to provide time for the oper- 
ator to correct a problem before it reaches emergency proportions and 
the unit goes into shutdown condition. Alarm and shutdown signals are 
normally provided for overspeed, high bearing temperature, vibration, 
excessive bearing thrust load, low seal gas pressure, and low bearing oil 
pressure. (The alarm on the latter also starts the auxiliary oil pump and 
locks the circuitry so that restoration of oil pressure will not stop the aux- 
iliary pump, which could result in cycling.) 

If a condition reaches emergency proportions, the unit is shut down by 
the automatic closing of the inlet trip valve, allowing the machine to 
coast to a stop. Alarm and shutdown signals may also occur from other 
sensors or plant protection circuits sensing low inlet gas temperatures, 
high liquid level, low process flow, etc. If any one of these emergency 
conditions is not critical then the shutdown circuitry may utilize a built-in 
time-delay relay to prevent unnecessary shutdown. 


Special Designs 


In the past, uncontrolled problems often caused extreme wear and pre- 
mature failure of mechanical parts in turboexpanders. With the feedback 
from hundreds of units operating in the field for decades, continued re- 
search and development has resulted in solutions to practically all operat- 
ing problems. Improved, field-tested designs now offer increased relia- 
bility and ease of maintenance to reduce costly downtime and product 
loss. 

One key problem area was overcome with the development of the dust- 
free seal design (Figure 8-23) which has successfully eliminated erosion 
of the seal behind the expander rotor. Previously, this was a frequent 
problem during the startup period. Fine particles in the process stream 
are now quickly removed from the seal and wheel labyrinth and directed 
out through the balance holes in the rotor to the discharge gas stream. 

The development of the automatic bearing thrust load control system 
(Figure 8-24) solved another problem. Previously, machines were de- 
signed for an equalized thrust load, but had no provision for thrust load 
monitoring or load correction. A recent development in automatic thrust 
load monitoring and control uses the thrust bearing oil film pressure to 
indicate the actual thrust load on the meters, and to activate a control 
piston which operates a control valve, maintaining a proper balance of 
thrust forces. The control valve causes the gas pressure behind the com- 
pressor impeller or a thrust balancing drum to increase or decrease as 
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AUTOMATIC 
CONTROL 


Figure 8-24. Thrust load control scheme (source: Rotoflow Corporation). 
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required to maintain thrust balance and prevent thrust bearing overload 
and possible failure. 

Special rotor blading arrangements permit unlimited condensation 
through radial inflow expanders, or operation on flashing liquid streams 
with no loss of efficiency or liquid erosion of the rotor blading. 

Wheel resonance has been exhaustively studied. The results have been 
computerized to provide wheels that are free of critical resonance condi- 
tions within the normal operating range, and usually free of critical 
speeds below trip speed. When a minor resonance occurs below design 
speed, systems are available to bring the expander up to speed, automati- 
cally passing rapidly up or down through the critical zone to prevent 
wheel damage. 

A solid state control system for the startup and speed control of multi- 
ple, series-connected turboexpanders is available when required. 


Pertodic Checks 


Maintaining accurate running records for a machine is essential to ana- 
lyze any problems that may occur. Operating data should be recorded at 
least twice daily, and should include specific data on oil reservoir level, 
thrust bearing pressures, oil temperatures and pressures. Running time 
for the oil pumps (normally operated on a 30-day, equal-time basis) 
should be included. An oil sample should be analyzed monthly to deter- 
mine viscosity and change-out or purification schedules for the oil. Accu- 
mulator charge pressure should be checked at least every two months to 
ensure adequate protection for the bearings in the event of a shutdown. 
(A typical periodic check sheet was reproduced earlier in Table 8-10.) 


Troubleshooting 


Troubleshooting guidelines for expander operating problems follow: 


Low Oil Pressure to the Bearings 


This condition will actuate the alarm and start the auxiliary pump and, 
if it reaches emergency proportions, will result in unit shutdown. 

Check the lube system completely. Check filters for excessive pressure 
drop, and verify the settings for all relief valves and pressure regulators. 
Be sure to check the pressure-controlling bypass valve for excessive leak- 
age. Sample the oil and test the viscosity. Reset the instruments and 
gauges in the system as necessary. If the problem persists, the unit should 
be disassembled and inspected for excessive bearing clearance. 
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Cold Front Bearing 


The indications of this condition are a low oil discharge temperature, a 
low temperature reading on the front bearing thermocouple, or frost on 
the bearing housing or drain line near the expander bearing. This condi- 
tion must be corrected to prevent loss of process gas and refrigeration, 
and to prevent freezing of the oil within the bearing during shutdown. 
Probable causes and corrective measures are as follows: 


Cause Correction 
Seal gas shutdown while the expander If the unit is running, simply increase 
is cold and pressurized. the seal gas flow rate until freezing has 


disappeared and further increase does 
not change the oil or bearing tempera- 
ture. 


If the unit is shut down, the bearing oil 
film probably is frozen and must be 
thawed before startup. To accomplish 
this, the seal gas flow should be in- 
creased and the bearing housing 
warmed with steam or hot water until 
the bearing temperature is in a safe 
range. 


Heat barrier wall leaking or damaged. If the first treatment does not correct 
the problem, again check seal gas pres- 
sure and flow. Then disassemble the 
unit and inspect the heat barrier wall 
for cracks and correct clearance, re- 
placing it or adjusting its position, as 


necessary. 
Expander shutdown during extremely Thaw the unit at the front bearing with 
cold weather. the application of steam or hot water on 


the bearing housing. 


A good rule of thumb when there are no temperature indicators on 
front bearings is that if the housing is warm to the touch at the front bear- 
ing area, the bearing is probably warm enough to start. 


Excessive Vibration 


An accumulation of ice or frozen material in the rotor will cause an 
imbalance condition indicated by excessive radial vibration. A vibration 
monitor will provide an alarm signal before the unit shuts down. This 
condition may be corrected by passing clean, warm, dry gas through the 
expander or by injecting methanol into the case. 


Steam Turbines and Turboexpanders 425 


Another possible cause is the application of excessive pipe loads on the 
unit flanges, causing possible internal rubs or bearing malfunction, or 
shaft coupling misalignment. 

Higher than normal expected readings may also be produced by the 
inherent resonant vibration of a stationary component, often aggravated 
by low oil viscosity. 


Excessive Thrust Load 


Excessive pressure on the bearing thrust face could exceed the design 
thrust force, causing damage and rapid deterioration. Protection against 
this is normally provided by the use of a differential pressure switch for 
alarm or shutdown. 

The thrust control system should be checked to eliminate errors in indi- 
cations and in the control system. The oil lines to the meters should be 
checked and purged of dirt and gas pockets. Excessive thrust loading can 
be caused by a higher than normal pressure behind the expander rotor 
which the balance system is unable to control. This suggests rotor back 
seal deterioration or icing. 

The plant pressures and flows should also be checked. If the pressures 
and flows are not within normal limits, the machine may not be able to 
run properly. This situation should be checked with the manufacturer. 


Filter Collapse 


Failure to open the pump and filter bypass valves during the prestart 
check can result in trapped gas crushing the filter cartridge when the oil 
pumps are started. The filter cartridge should be checked for the correct 
part number and micron size for its usage. After a long period of down- 
time, the cartridge could become contaminated with water, causing 
weakening and reduced permeability. 


Oil Loss in the System 


Oil loss can be determined by the reservoir level. One condition that 
can cause oil loss is high oil level in the reservoir with a high seal gas 
flow rate. This causes flooding of the mist eliminator in the reservoir 
vent line, sending the oil into the compressor. To correct the problem, the 
oil level should be maintained between the specified minimum and maxi- 
mum levels, and the seal gas should be maintained at the minimum re- 
quired flow rate. 

With hundreds of turboexpanders in service worldwide, an increasing 
demand for a working knowledge of the machines and supporting sys- 
tems has developed. The “Three-Step” precheck described earlier is in- 
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tended to eliminate errors and omissions in the system checkout prior to 
startup. 

In review, the expander is protected from unexpected plant problems 
by the use of special designs, such as the dust-free seal, the automatic 
thrust balance control system, special rotor blading to accept condensa- 
tion, rotor and nozzle design to avoid rotor resonance damage, special 
instrumentation to protect against freezing, etc. These systems in con- 
junction with the protective annunciator system are designed to prevent 
premature failure of the expander. 

Proper operation and periodic maintenance will ensure a reliable, de- 
pendable system. 

The need for complete running records must be emphasized. When an 
operator understands the readings and knows what to do when a problem 
first occurs, he can often make corrections and prevent downtime for the 
machine; or assist the manufacturer’s service personnel in making the 
necessary analysis and repairs quickly and efficiently. 


installation of Turboexpanders 


Arrangements for the installation of turboexpanders must take into ac- 
count the specific guidelines issued by a given manufacturer for a given 
model or type of machinery. The following generalized installation pro- 
cedure is offered as a typical example. 


Equipment Foundations 


The skid dimensions for mounting the system on its foundation are, or 
should always be given on the machinery arrangement drawing. 


Handling 


A suitable hoist or crane should be provided for installation purposes. 
Most models have provisions for the attachment of lifting yokes on the 
side of the skid. 


Plant Process Connectlons 


Connection sizes and locations for plant process inlet and discharge 
piping are usually shown on the machinery arrangement drawing. 

A 60-mesh cone-type inlet screen and a 30-mesh cone-type screen need 
to be installed in the expander and compressor inlets of the unit, respec- 
tively. The screens must be installed in the process piping with the screen 
side upstream. We will discuss cleanliness later, but keep it in mind dur- 
ing installation. 
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Note: The expander inlet screen should be positioned where it can be 
conveniently removed for cleaning and still not interfere with the 
operation of the safety shutdown valve. 


Refer, also, to the maximum allowable pipe nozzle load drawing, 
which experienced vendors will furnish. 


Seal Gas System 


Connect the plant’s seal gas supply to the filters on the control panel. 
Refer to vendor-supplied data for requirements and to the system sche- 
matic and control panel drawings for location. 


Lube Oll Cooler 


If the oil system incorporates air cooling, connect proper voltage to 
each air-fan motor. Install, set and test vibration switch. 


Variable Nozzles 


After installing the nozzle actuator, connect the plant instrument air 
supply and air signal line to the variable nozzle positioner. The vendor 
should have provided data on pertinent pressures. 


Safety Shutdown Valve 


The expander shutdown valve (with solenoid) should be placed in the 
process piping at the expander inlet. See that it does not interfere with the 
screen. An adequate air supply must be connected to the solenoid valve to 
enable the safety trip valve to close within one-half second or less. 


Electrical Connections 


Refer to the system schematic and/or electrical schematic (or wiring 
diagram) for wiring, and any applicable component manufacturer’s data. 
On all components, care must be taken to use the terminal combinations 
for the voltage to be used. 


Verify that all switching power feeders and circuit breakers are locked 
out in the off position when connecting the power supply. 


NOTE: To avoid electrical abuse, make certain that sensor lines to the 
various switches are properly connected to the plug-in circuit 
boards inside the junction box and nor shorted to ground. 
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Junction Box 


Junction boxes should always remain closed except during the actual 
installation period. In no case should it be allowed to stand open over- 
night or for extended periods. This will protect the electrical circuitry 
from dirt, rain, moisture and other sources of potential electrical abuse. 


Electrical Conduit Seals 


If the process gas is combustible, electrical conduit seals are to be 
poured only after verifying that all electrical components and circuitry 
are functioning correctly. 


Control Panel 


Install and check instrument air lines and electrical sensor lines as indi- 
cated on control panel junction box and system schematic drawings fur- 
nished by vendor. Before applying power, check that there are no shorts 
to ground. 


Operating Instructions 


Precautionary Instructions 


If, after installation, it is believed there is significant possibility of in- 
jurious foreign matter having entered the unit, it must be disassembled 
and all parts cleaned and reassembled before initial startup. Verify that 
the cold section of the expander is free of oil or grease. Assembly and 
disassembly instructions must be carefully observed. 

This may be a good time to have the manufacturer’s service person in- 
struct your operating personnel in the assembly and disassembly of the 
unit. 

It should be noted that there is a danger of overspeed until the compres- 
sor suction reaches design pressure. The expander could reach full speed 
with less than full expander power until the compressor suction design 
pressure has been established. 


Procedure for Filling Reservoir 


Refer to the system schematic drawing furnished by the expander man- 
ufacturer. 

Fill the lube oil reservoir with lubricant in accordance with specifica- 
tions given by the manufacturer. 
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When the system is not under pressure nor in service, the reservoir 
may be filled using the inspection hole on either end of the reservoir. 
When the reservoir is pressurized, oil may be added by using a filler 
pump. 

After filling all components, such as cooler or filters, ascertain that the 
lube oil reservoir is filled to a point between maximum and minimum 
levels, as specified by the equipment manufacturer. 


If the reservoir needs flushing, do not use a detergent-containing oil. 
The regular lube oil is suitable for flushing. 


Prestart Instructions 


The following steps must be taken before putting the system into opera- 
tion: 


Check the shaft alignment between oil pumps and drivers. These are 
usually aligned at the factory but may have become misaligned during 
transit. 

Verify that the accumulator bladder is charged to the correct pressure 
level specified by the manufacturer. To charge the accumulator bladder 
before putting the machine in service: 


1. Isolate the accumulator from the oil system by closing the block 
valve. 

2. Open drain valve. 

3. Connect a suitable vendor-provided charge kit to the filling valve 
on top of the accumulator. 

4. Fill with nitrogen gas to the required pressure level. 

5. Close the drain valve. 

6. Slowly reopen the block valve. 


Note: If the lube system is pressurized, follow special instructions given 
by the expander manufacturer. 


@ Verify that all electrical circuits are properly connected and that mo- 
tors operate in the proper rotation. 

® Verify that there are no shorts to ground in any sensor line. 

© Verify that all valves are in the correct open or closed position. 

e Again verify that all gauges, controls and safety devices are properly 
connected, set and operative. Don't forget to ascertain correct lube 
oil operating temperature and pressure readings, and monitor all 
other control settings. Note that although settings were made at the 
factory, they may have drifted during transit. 
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© Verify that a suitable seal gas supply is properly connected. Pressure 
and flow requirements should have been specified by the equipment 
manufacturer. 

© Verify that the range of the nozzle actuator rod responds proportion- 
ally to the specified air pressure signal. The range capability of the 
air actuator is usually greater than the nozzle actuator travel, which 
is set near the middle of the actuator range. The positioner on the 
actuator is adjusted to make the nozzle position respond proportion- 
ally to the air pressure signal. 

© Verify that the safety inlet trip system is functional. The solenoid 
valve should be sized to close the trip valve in one-half second or 
less. 


Starting Procedure 


Refer to the manufacturer’s data sheets and prepare a table for seal gas 
data, correct lube oil operating temperatures and pressures, and all recom- 
mended control settings. Use Table 8-10 for general guidance. 


Caution: Verify that expander and compressor inlet valves are closed be- 
fore P: proceeding. Verify installation of an expander inlet screen 
in the expander inlet process line with the screen side up- 
stream. Likewise, in the compressor suction line. 


Startup is as follows: 


1. Admit seal gas to expander-compressor seals at the specified rate 
of flow. Next, verify the existence of a free passage for the seal 
gas leaking from the seals, especially for startup and shutdown 
conditions. New seals sometimes require a brief “break-in” pe- 
riod before reaching the specified flow rate. Meantime, hold the 
seal gas supply at a pressure approximately 5 percent higher than 
the pressure level to be sealed (e.g., expander rotor back pressure 
or compressor impeller back pressure). 

2. Open the pump bypass valve and the filter bleed valve. Then start 
both lube oil pumps to sweep the lines free of gas. When the pres- 
sure readings on the oil pressure gauges have stabilized, then 
slowly close the pump bypass valve, close the filter bleeder valve, 
and stop the auxiliary pump. 

3. With manual control unit, regulate diaphragm actuator to set vari- 
able nozzle at a low power position. Refer to manufacturer’s data 
for nozzle positioner requirements. 


Note: 


Note: 


11. 
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. Verify that the process block valve upstream of the expander inlet 


valve is closed before opening the expander discharge valve. 


. Open safety trip valve in expander inlet line. (In most installations 


it is not permissible to use the trip valve for starting.) 


. Open compressor inlet valve, open compressor discharge valve, 


and monitor control panel pressure gauges for correct pressures. 


Do not make abrupt changes in seal gas flow, expander pressure, 
or compressor pressure. 


. Slightly open expander inlet valve allowing the process gas to 


flow sufficiently for the expander to rotate at approximately 25 
percent of design speed. Until the speed stabilizes, monitor all 
gauges. This should provide enough time to “break-in” new seals. 
Verify that lube oil to the bearings is at the correct operating pres- 
sure. 


. Using the manual control unit to operate the nozzle actuator, in- 


crease the process flow through expander inlet valve in steps of 
about 10 percent of full pressure every two to five minutes until 
full process pressure to the expander inlet is reached. 


. Meantime, monitor thrust meters and verify operating pressures. 
. Over a period of 10 to 30 minutes, gradually increase flow to de- 


sired capacity by adjustment of nozzle actuators. 


Care must be taken to avoid compressor surge by maintaining min- 
imum flow (approximately 65 percent of design) through the com- 
pressor, even if gas must be recycled back to the compressor suc- 
tion. 


Expander and compressor inlet screens should be checked at the 
earliest opportunity and then repeatedly until no foreign matter is 
found in the screens. Blocked inlet screens reduce flow. 


Seal Gas Flow Rate 


Seal gas flow rate is usually controlled in normal operation by a dif- 
ferential pressure regulator. 


Thrust Meter Gauges 


Three meters are mounted on the turboexpander base support. The dif- 
ference between the readings of the outer two of the three meters gives 
the measurement of the thrust force loading on the respective thrust bear- 
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ings. See manufacturer’s data for maximum permissible thrust meter dif- 
ference. 

For reference purposes a third meter, the center one, reads the con- 
trolled pressure behind the compressor impeller. 

A thrust balance valve is generally furnished. The adjustment of this 
valve is set at the factory and readjustment is not needed unless: 


1. The operating conditions change. 

2. There is a major deterioration of one of the seals, as by erosion 
from dust particles entrained in the gas. 

3. Deposits of ice or the like collect in the vent passages. An unex- 
plained, significant change should be investigated. 


On modern turboexpanders, adjustments are made automatically at all 
speeds. An alarm switch is installed to warn the operator, should pres- 
sure reach a preselected pressure on either thrust bearing. The unit will 
shut down automatically when the pressure reaches a higher, preselected, 
shutdown pressure on either thrust bearing. If activated, an investigation 
of wear on seals or wheels should be made immediately. 


Normal Operation and Periodic Service 


Normal operation requires only routine monitoring of system controls 
and gauges. 


1. The following should be checked frequently: 
a. Reservoir oil level 
b. Seal gas flow 
c. Lube oil pressures 
d. Lube oil temperature 
e. Thrust meters 


2. The lube oil should be changed as often as found necessary by indi- 
cations of lube oil contamination. However, frequent checks, espe- 
cially of oil viscosity, should be made. 

3. Filter elements should be changed with each lube oil change. 


Filter or Heat Exchanger Servicing While In Operation (Caution) 


If a filter or heat exchanger is taken out of service and drained, it must 
be refilled manually before being placed back in service. Otherwise, the 
filling of it may take excessive oil from the bearing supply. Also, the dis- 
placed air may be forced through the bearings. 
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To replace a filter element, turn the switching valve to opposite filter 
from the one to be serviced. 


1. Close equalizing valve. 

. Carefully remove drain plug of the filter housing to drain the oil. 
Open the filter housing to remove the used element. 

. Insert new filter element. 

. Replace drain plug in the filter housing. 

. Manually fill the filter housing with clean lube oil. 

. Reassemble the filter housing. Make certain it is closed securely. 
. Open the equalizer valve. 

9. Open the bleed valve. 


After it is purged for ten minutes, the bleed valve should be closed and 
the switching valve cautiously and gradually returned to a desired posi- 
tion. Be careful not to significantly reduce the pressure of the oil to the 
bearings during the switching pracess. 


Note: The equalizing valve always remains open except when changing 
filter elements. 


Annual inspections of the expander-compressor are not essential, un- 
less damage is suspected. 

On units furnished with bladder-type accumulators, periodically check 
accumulator bladder pressure. To do this, isolate the accumulator from 
the system pressure by closing the block valve. Then drain the accumula- 
tor by carefully opening drain valve. 

Caution: The accumulator is under high pressure and some method 
must be devised for receiving the high pressure of the oil to be drained. 

Connect charge kit to the filling valve located on top of the accumula- 
tor, and add nitrogen gas to achieve the pressure recommended by the 
manufacturer. 

To place the accumulator back in service while the machine is in opera- 
tion proceed as follows: 


1. Close the drain valve. 

2. Open the block (isolating) valve very gradually to fill the accumula- 
tor to its capacity. Make sure this step is done gradually to avoid a 
sudden pressure drop in the lube system which could trigger a shut- 
down and perhaps cause damage to the bearings. 


Normal Shutdown 


1. Close the expander inlet block or safety trip valves. 
2. Observe the expander to determine that rotation has stopped. 
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Note: It is preferable not to close the nozzles on shutdown, because slight 
leakage from the shutdown valve sometimes causes “jet stream- 
ing” which can make the expander rotate when the nozzles are 
closed. 


3. Shut off compressor gas flow. 


Note: There must be a provision, such as a check valve, to prevent re- 
verse flow through the compressor. 


4. Shut down the lube oil system. 
5. When the oil pressure reads zero, shut off the seal gas. 


Emergency Shutdown 


In the event of system malfunction, the safety devices will automati- 
cally close the expander safety trip valve to shut off the process stream to 
the expander. Under normal conditions, the seal gas and lube systems 
will continue to function unless those systems are the cause of the emer- 
gency shutdown. 


Turboexpander Maintenance 


In these procedures, every question obviously cannot be answered nor 
every problem anticipated. The maintenance person must use judgment 
in handling the parts, and be careful to follow the manufacturer’s draw- 
ings. If maintenance must include disassembly of the turboexpander, dis- 
connect all lube oil and seal gas piping and all instrumentation lines. Plug 
all lines to prevent the entry of any foreign matter. 

The manufacturer’s reference drawings should clearly indicate the at- 
tachment of all assembled parts. 


Field Removal 


Refer to the manufacturer’s service assembly drawing and parts list. 
Some of the components are heavy and a hoist should be made available 
for support during field removal. Extreme caution should be exercised in 
the handling of all internal parts. These have been precision machined 
and dynamically balanced. Careless injury to parts may result in irrepa- 
rable damage. Avoid marring any flange face or gasket face. 
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Disassembilng Turboexpanders 


The modular design approach followed by many manufacturers allows 
us to disassemble turboexpanders into major subassemblies or modules. 
With this concept the machine separates into three major components: 
expander case, rotating section, and compressor case. This eliminates the 
necessity of total disassembly when the main concern is isolated in one of 
the three primary areas. To separate the system into major components refer 
to Figure 8-25 and proceed as follows:* 


1. Support the compressor inlet spacer (196) with a hoist or forklift. 
Remove screws (401). Remove compressor inlet spacer (196). 

2. Support bearing housing (147). Remove screws (423). Slide away 
compressor section (188). Take care not to bump the compressor 
impeller (170). Remove O-ring (430). Remove retaining screw 
(179) and retaining washer (180). Use a jack screw to remove com- 
pressor impeller (170). Do not use any other tool or device to re- 
move this wheel. Remove keys (421). 

3. With the bearing housing (147) still under support with a hoist or 
crane, remove screws (440). Carefully withdraw the entire rotating 
section. Remove seal (966). Take care not to bump the expander 
rotor (107). Remove the rotating section to a clean work area. 


Note: The machine is now separated into three major components. In this 
mode the variable nozzle assembly remains attached to the expander 
case. For further disassembly of the major components see the appropri- 
ate section in the following procedures. 


These instructions describe the total disassembly of the machine. 
Compressor Case and Impeller 


1. Disconnect compressor process piping and instrumentation lines. 

2. Support compressor inlet spacer (196) with a hoist. Remove socket 
head cap screws (401), compressor inlet spacer (196), and O-ring 
(405). 

3. If the assembly includes a transition piece between parts (196) and 
(188), remove all fasteners. Also, if there is a shear ring or split- 
ring spacer, remove screws and remove this part, or parts. 


* Figure 8-25 represents a typical Rotoflow expander and may differ from other manufacturers’ 
equipment. 
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4. After removing the split-ring spacer, reinsert the screws to remove 
the compressor inlet transition piece. The screws usually serve as 
jack screws. Remove any O-rings not previously removed. 

5. Remove any screws attaching impeller follower (181) to other 
parts. Remove impeller follower (181). Threaded holes are usually 
provided for jack screws to aid removal. Remove shims which axi- 
ally locate (181) relative to the impeller vanes. 

6. Compressor inlet diffuser (not shown) may be removed by remov- 
ing appropriate screws. Two threaded holes are usually provided 
for jack screws. 

7. Remove retaining screw (179), retaining washer (180), and com- 
pressor impeller (170) from shaft (126). The impeller usually has a 
threaded hole provided for a jack screw. Do not use the wrong tools 
to remove this wheel. Remove keys (421). 

8. Steadying bearing housing (147) with a hoist, remove screws (423) 
and slide compressor case (188) away from housing, taking care not 
to strike compressor case against shaft (126) or the back impeller 
seal (185). The temporary use of two long threaded rods placed on 
opposite sides of bearing housing in compressor case will aid in this 
step. Remove O-ring (430). 


Rotating Assembly 


1. Steadying unit with a hoist, remove screws (440) which secure 
bearing housing (147) to expander case (61). The complete rotating 
assembly may now be withdrawn. Care must be exercised not to 
strike expander rotor (107) while withdrawing assembly. The tem- 
porary use of two long threaded rods placed on opposite sides of the 
bearing housing in expander case will aid in this step, also. Remove 
seals (966). 

2. The entire rotating assembly should now be taken to a clean loca- 
tion for disassembly. The unit should be positioned horizontally on 
a workbench for ease in removal of components. Care must be 
taken not to mar back impeller seal (185) or shaft. 


Expander Rotor and Heat Barrier Wall 


1. Carefully remove expander rotor (107) by removing retaining 
screw (118), and retaining washer (119). Remove rotor (107) utiliz- 
ing the threaded hole provided for pulling purposes. Use jack screw 
only to remove wheel. Remove keys (464). When reinstalling the 
rotor, the required torque for retaining screw (118) must be ob- 
served. 
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. Remove exposed screws and dust free seal from heat barrier wall 


assembly (102). Threaded holes are usually provided for jack 
screws in the dust free seal. 


. Remove screws and washers and heat barrier wall (102). Again, 


two threaded holes are usually provided for jack screws. 


. Remove front oil retainer and O-rings which will be accessible after 


the heat barrier has been removed. Two threaded holes are provided 
for jack screws. 


Back and Front Journal Bearing 


1. 


Remove accessible screws and back impeller seal (185). Remove 
exposed screws to remove compressor seal and seal O-rings. Two 
threaded holes are usually provided for jack screws in both the back 
compressor seal and back impeller seal. 


. Remove back oil retainer and associated O-ring. Again, two 


threaded holes are provided for jack screws. 


. Break exposed lockwires and remove screws and washers. Using 


the two threaded holes provided for jack screws, remove back 
grooving bearing (138). Remove O-ring associated with part (138). 


. Withdraw shaft (126), together with back and front bearing thrust 


washers and pins (127). Exercise care to keep shaft centered in or- 
der to avoid damaging the journal bearing. Do not drop either 
thrust washer. 


. Break exposed lockwires and remove screws and washers. Remove 


front grooving bearing (137). Two threaded holes are provided for 
jack screws. Remove O-ring. 


Nozzle Actuator Assembly 


Refer to the manufacturer’s nozzle actuator assembly drawing. 


1, 


Remove locking nut for air motor while there is still about 6 psi of 
signal pressure applied. This is to relieve the spring pressure for 
easy removal of locking nut. After its removal, disconnect all in- 
strument air lines. Remove self-locking pin in actuator rod, making 
certain there is no burr in pin hole. 


. To remove bonnet assembly, loosen gland follower and remove 


screws at base of assembly. To remove upper section of actuator 
rod, lift assembly and remove jam nut normally supplied with this 
assembly. 


Steam Turbines and Turboexpanders 439 


Varlabie Nozzle Assembly 


The actuator rod (224) should be positioned to relieve the force on the 
pin in the nozzle adjusting ring (90) in order to ease removal of nozzle 
assembly. Care must be exercised in removal to ensure that actuator rod 
or pin does not become bent. Support nozzle assembly with a hoist. 


1, To remove nozzle assembly from expander case (61), release shoul- 
der screws. Threaded holes are provided for jack screws. Take 
component to a clean work area for further disassembly. Be aware 
of piston ring inserted in part (90). If it does not fall off, remove it. 

2. Position housing horizontally on a workbench with nozzle assembly 
end up. Remove shoulder screws and nozzle assembly clamp. Lift 
off nozzle adjusting ring (90) and nozzle segments with pins from 
nozzle cover. 

3. Nozzle fixed ring and shims may be removed from expander case 
by releasing exposed screws. Two threaded holes are usually pro- 
vided for jack screws. To remove the expander case diffuser you 
will have to release a mounting screw. 


Note: To reinstall nozzle assembly, the following procedures are carried 
out in a clean work area: 


1. Place nozzle segments on pins of nozzle cover in closed position. 
Place adjusting ring (90) over nozzle segments and engage segment 
pins in slots of adjusting ring. Install shoulder screws and nozzle 
assembly clamp to hold adjusting ring and nozzle segments to noz- 
zle cover. 

2. The nozzle assembly may now be installed in expander case by 
carefully engaging adjusting ring pin in actuator rod (224). This 
may require some manipulation of adjusting rod. Care must be 
taken to avoid bending the pin. When the pin is fully engaged, re- 
place shoulder screws. 


Cleaning and Reassembly 


After disassembly, the parts should be thoroughly cleaned. Parts other 
than those of expander housing should be coated with a thin film of lubri- 
cating oil to protect them against rusting. 

Reassembly of the unit is in the reverse order of disassembly. Ensure 
that the expander end of the unit is not tilted below a horizontal position, 
which could allow coating oil to leak into the labyrinth seal housing. 

If prevention of gas seepage is imperative, all gaskets should be coated 
with a viscous sealant. 
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The torque to be applied to the screws used in the reassembly of the 
machine can be found in the following torque table issued by the manu- 
facturer. 


Inspection and Allowable Wear Data 


Check journal, thrust bearings, and shaft. 

The maximum allowable clearances are given in Table 8-11. Carefully 
examine bearings and thrust washer faces for score marks. If scoring is 
excessive, replace them with new parts. It is recommended that all seals 
and seal inserts be replaced. 

The dynamic balance of shaft, expander rotor and compressor impeller 
should also be checked in accordance with the tabulated figures. The ro- 
tating assembly components have been accurately machined and dynami- 
cally balanced; to check the balance of the assembly or to follow align- 
ment marks between its components is unnecessary, unless suspicion of 
unbalance exists. 

The following table specifies allowable wear and dynamic balance fig- 
ures on the expander rotating assembly components. If inspection reveals 
that clearance or balance figures exceed those specified, the condition 
should be corrected, if possible, or the parts replaced. 








Table 8-11 
Allowable Clearance and Dynamic Balance 
Component Allowable Clearance 
Expander Side (front) .0040-.0046 in. (dia) 
Journal Bearing & Shaft 
Compressor Side (back) .0040-.0046 in. (dia) 
Journal Bearing & Shaft 
Shaft End Play .007-.011 in. (axial) 
Heat Barrier Labyrinth -003-.015 in. (axial) 


(with thrust clearance 
in direction of seal) 


Component Dynamic Balance Required 
Expander Rotor Assembly 002 in.-oz 
Shaft only .014 in.-oz 


Compressor Impeller only .005 in.-oz 
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Labyrinth Seal Clearance 


Should it become necessary to ascertain if the heat barrier labyrinth 
bore is worn, proceed as follows: 


1. 


2. 


3. 


Remove heat barrier wall (102) with dust free seal. Measure and 
record shaft axial end play. 

Loosen expander side bearing screws and pull the bearing (137) 
away from the housing. Remove compressor impeller (170). Re- 
place heat barrier wall and dust-free seal. Measure and record shaft 
end play to heat barrier wall. 

If the reading from Step 2 exceeds the reading from Step 1 by more 
than .030 in., replace the heat barrier wall. 


Similarly, check the labyrinth bore of the compressor seal and replace 
if the reading exceeds .030 in. 

To set the clearance between the expander rotor and the nozzle fixed 
ring, and the impeller follower and impeller, pull the shaft toward mini- 
mum clearance and check with clay on the face of the blades. The clear- 
ance should be a nominal .020 to .025 in., measured between the contour 
surfaces. Adjustment is made with shims. 
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Chapter 9 
Gas Turbines* 


Gas Turbine Maintenance Philosophy and Objectives 


There are probably as many different approaches to gas turbine main- 
tenance as there are users. Each philosophy must be the right one for a 
given user, in a given location, for a given type of gas turbine. The most 
important thing is to decide on an approach or philosophy that will opti- 
mize the resources of the user’s company and provide an acceptable level 
of risk for the business in which the gas turbine is applied. This decision 
should be made as early as possible for it will affect which type of turbine 
is right for the application. Once a gas turbine is purchased the available 
options in maintenance practice are narrowed considerably. 

It is difficult to approach gas turbine maintenance as a single subject 
because there are two distinct groups of turbines which require greatly 
different approaches. These are the heavy duty industrials and the air- 
craft derivatives. Primarily we will be discussing the maintenance of the 
heavy duty industrial turbines. (Figure 9-1.) Aircraft derivative units, as the 
name suggests, are derived from turbines designed for aircraft use and thus 
their maintenance has to a great extent followed the practices of the aircraft 
industry. 

Proper selection of a gas turbine should focus on the relative strengths 
and weaknesses of each design.' The jet engine (Figure 9-2) was designed 
to be a very compact, lightweight powerplant for aircraft propulsion and 
is far superior to any other prime mover for this application. In the 
design of any component, or system of components, it is important to 


*Compiled by Dean H. Jacobson, Exxon Co. 
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Figure 9-1. Heavy duty industrial installation (courtesy R. Pellefier). 









t 






WEIGHT 2563 Kg (5645 Ib) 


Figure 9-2. Typical aircraft derivative gas generator (courtesy Rolls Royce). 
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address the basic parameters for that design. For a jet engine these are to 
minimize frontal area through the use of long blades and a small hub di- 
ameter, minimize combustor length and diameter to minimize drag and 
overall engine length, and to ensure dimensional symmetry upon rapid 
heat up and cool down. A jet utilizes turbine metallurgy and advanced 
cooling techniques to withstand the relatively short periods of time (take- 
offs) during which the engine is fired hard. It must be recognized that an 
aircraft engine typically spends 98 percent of its life operating in a clean, 
cool atmosphere, burning a good clean fuel, and at a fraction of its rated 
firing temperature. These factors all contribute to the high reliability we 
have come to expect from jet engines. 

The design priorities of an industrial-type turbine are quite different 
from the jet. Weight is not one of the most significant factors, although 
industrial turbines such as those manufactured by Solar (Figure 9-3) in- 
corporate many of the lightweight features of the jets. Larger rotor hub 
diameters along with thicker and shorter blades characterize the indus- 
trial turbines (Figure 9-4). Long, uninterrupted runs at rated firing tem- 
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Figure 9-3. Solar Saturn gas turbine (courtesy Solar). 
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Figure 9-4. Heavy duty industrial turbine (courtesy Westinghouse Canada). 


peratures are desired from many units. This has led to a much more con- 
servative application of metallurgical and mechanical design. 

It is not fair to say that the designers of each of these types of turbines 
are not learning from each other. Newer industrial designs are incorpo- 
rating some of the advanced blade and vane cooling systems to allow 
higher firing temperatures and greater efficiency. Aircraft derivative 
manufacturers and their users are “industrializing” their units more as 
time progresses to achieve longer uninterrupted run times and longer in- 
tervals between overhauls. 

Aircraft derivative users have three primary methods of maintenance: 


1. Remove gas generators on a regular basis as determined by the 
manufacturer and their experience and send them back to the manu- 
facturer’s facility for overhaul. 

2. Operate a repair facility of their own for most of the routine over- 
haul procedures. Procedures which they were unable to perform 
could still be contracted to the Original Equipment Manufacturer 
(OEM) on a component basis. 

3. Enter into a comprehensive service contract with the OEM that would 
include the first method as well as periodic servicing and non-intrusive 
inspection activities on site. This approach is dealt with on pages 471 
to 478. 

There are advantages and disadvantages to both of these approaches. 
Clearly if you only operate a few turbines and they are of different types 
the second approach would not be very attractive. If, however, you oper- 
ate many identical units, the savings of the second approach could easily 
cut your maintenance budget in half. 
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Operational philosophy also has a bearing on which type of mainte- 
nance is most cost effective for a given company. One pipeline company 
may elect to run all of its units hard for 8,000 hours and then overhaul on 
a regular basis. If they operate their own maintenance facility and the 
volume of work is within their capability, then this approach could mini- 
mize the amount of unscheduled downtime experienced and maintain a 
consistent workload in their shop. If the company was sending all of this 
work to an OEM’s shop, their return would not be so great and there 
would be more incentive in extending run lengths. Another pipeline, de- 
pending on their particular situation, could run every engine until it 
showed some sign of distress before doing an overhaul and do a lot less 
overhauls. This type of approach would necessitate more conscientious 
monitoring and a good routine inspection program so as not to experience 
catastrophic failures. 

Heavy duty industrial turbines are more frequently installed in facili- 
ties which have some on-site maintenance forces and in many cases ex- 
tensive engineering staffs. These types of facilities have a few more op- 
tions in terms of maintenance philosophy than do the remote locations. 
As was stated previously, there are as many different approaches to gas 
turbine maintenance as there are users. Which one is right for each user 
depends upon the application which his turbine or turbines are in, the 
value the user places on downtime, his proximity to the OEM or a non- 
OEM maintenance facility. The relationship between his company and 
the OEM, and the relative strength or weakness of the people on site also 
influence the type of maintenance which is practical. 

Four approaches to heavy duty industrial turbine maintenance follow, 
beginning with the approach requiring the least owner involvement: 


1. A service contract with the OEM for all maintenance, including 
routine inspections and overhauls. 

2. In-house maintenance supervision with engineering and service 
support from the OEM and a contract maintenance crew to perform 
the work. 

3. In-house maintenance supervision and repair crew, with engineer- 
ing from a third party (either a consultant or another part of the us- 
er’s company) and assistance from the OEM’s service engineering. 

4. A multidiscipline team approach by the user, drawing from internal 
company resources (mechanical, metallurgical, instrumentation, 
maintenance planning and supervision, etc.) with minimal assis- 
tance by the OEM. 


As was the case for the aircraft derivative engines, each approach has 
certain advantages and disadvantages. The approach taken is highly de- 
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pendent upon the specific circumstances. As a general rule, the more 
units operated and the more time in operation the further down the list the 
user progresses. Although there are still users who find an OEM mainte- 
nance contract attractive, as they gain more experience users tend to seek 
more direct involvement in their gas turbine maintenance. 

In refineries and chemical process plants, unscheduled shutdowns can 
be extremely expensive. Therefore, turbines are generally maintained at 
a high level by experienced personnel employing sophisticated condition 
monitoring and corrective maintenance techniques. By contrast, some 
standby electrical generator and crude oil transmission installations are 
maintained at a very low level and have effectively no maintenance pro- 
cedures beyond contacting the manufacturer’s representative when the 
equipment fails to start or operate. The majority of the gas turbine equip- 
ment operating is maintained at a level somewhere between these ex- 
tremes. The operating availability and reliability is directly related to the 
level and quality of maintenance performed.” 

A maintenance policy which realistically addresses the costs involved 
in outages, spare parts, and engineering services should be developed as 
early as possible in order to select the level of maintenance which is 
suited to the application. Ideally this policy should be adopted before a 
gas turbine is selected and should form an integral part of the driver se- 
lection. Most maintenance managers unless specifically experienced in 
gas turbines are not capable of realistically setting this type of policy. It 
should determine the level of support to be provided to ensure that corpo- 
rate objectives can be fulfilled. It should establish goals and provide 
guidelines as to what is practical, reliable, and economical based on the 
operating and availability requirements of the turbine.” 

The setting of such a policy may be facilitated by a competent outside 
consultant if such an individual is not available within the user’s com- 
pany. Primary emphasis should be placed on ensuring that personnel with 
the right skills are available, or that the people who are available receive 
the necessary training. 

Along with a maintenance policy or a part of it the objectives of 
planned maintenance should be defined and their relative importance de- 
termined. It is difficult to define the objectives of planned maintenance, 
but in general they can be summarized as follows: 


. Minimize capital investment. 

Maximize turbine reliability and availability. 

. Minimize operating and maintenance costs. 

Maintain original design performance. 

. Incorporate appropriate product design improvements.’ 
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Because the multidiscipline approach is the most user-intensive, it is 
worth exploring in greater detail. Here it would be well to look at one major 
petrochemical company’s approach to gas turbine maintenance.’ Problems 
were identified with the more traditional approaches to gas turbine mainte- 
nance: 


1. Adequate records are not kept on mechanical condition before re- 
pairs; specific repairs made; and clearances, fits, and finishes when 
new, before repairs, and after repairs. 

2. Knowledge gained from failure analysis walks out the gate with the 
consultant and/or repair crew, and it never gets back to the people 
who own the equipment. 

3. The personnel actually responsible for day-to-day operation of ma- 
chinery often do not learn the characteristics of their machines, the 
things to watch for, and how to improve the machine performance. 

4. Often, engineers or specialists sitting in remote offices make deci- 
sions that affect a machine’s performance. However, these decision 
makers have never experienced living with their decisions. 


The objectives of the approach taken at this facility were: 


1. To create in-house technology, so repairs can be made intelligently 
and without delay. 

2. To operate machines at the maximum efficiency allowable by con- 
struction materials, instruments, and operating parameters. 

3. Not to shut down a machine for overhaul without a scientific reason 
for doing so. 


To accomplish these objectives the responsibility for gas turbine main- 
tenance was distributed among various plant functions and specialists. 
These included alignment, lubrication, metallurgical engineering, weld- 
ing, inspection/NDT, and mechanical engineering. In essence, what has 
been done is to achieve managerial control of the engineering factors that 
influence the reliability of the machines. This has enormous advantages 
if managed correctly, but is only as strong as the individual specialists in 
the team.3 


Mr. Hall lists the results of this approach at his site as: 


1. Gas turbine turnaround time has been reduced approximately 50 
percent. 


2. Manpower usage has been reduced approximately 50 percent. 
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3. Machine failures have been reduced drastically, with only one gas 
turbine operating failure in eight years. This failure was caused by 
operator error—the operator didn’t believe the instrumentation. 

4. Component life has been extended by careful inspection, metal- 
lurgical analysis, rewelding, and heat-treating. 


Spare Parts/Special Tools 


A maintenance policy for gas turbines must address the level of spare 
parts required to achieve the reliability and availability objectives of the 
user organization. There is no absolute guide to the purchasing of these 
parts. The OEM will normally recommend a list of spare parts or in 
some cases a number of lists such as commissioning spares, normal oper- 
ating spares, major replacement spares, and in some cases contingency 
spares. In certain instances users have been known to purchase entire en- 
gines as spares, depending on the design, number, and critical nature of 
the units. 

A typical recommended spare parts list for a two-shaft, simple cycle 
industrial turbine is shown in Table 9-1. This list does not include any of the 
bolting materials which will certainly be required on any major overhaul or 
the spare parts required for the control system. 


Table 9-1 
Typical Recommended Spare Parts List for Industrial Gas Turbines 


Item Quantity Description 


1 1 Set of gas turbine and auxiliary gearbox bearing 
shoes and gas turbine thrust plate and thrust bear- 
ing pads. 

Set of primary combustor baskets 

Set of secondary combustor baskets 

Set of combustor swirl plates 

Set of fuel nozzles 

Set of cross flame tubes and clamps 

Flexible fuel gas hoses 

Set of gas turbine thermocouples 

Speed probe and extension cable 

#2 Bearing vibration probe extension cable and 
gland assembly and proximitor. 


COmMmMANA PWD 
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il 2 Sets of lube oil filter cartridges and gaskets 
12 2 Ignitor plugs 
13 1 Ignitor extension cable 
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For an application where downtime is costly, the purchasing of spare 
rotors is imperative. Consideration should also be given to stocking of 
stationary vanes for the hot gas path, axial compressor inlet guide vanes, 
transition pieces, and other components along the hot gas path. 


Considerable savings can be achieved by ordering these parts with the 
original purchase order for the machine. This is due to the added lever- 
age enjoyed by the customer before he places an order, and by allowing 
the vendor to minimize his cost of production by manufacturing the parts 
in parallel with the machine. 

Once a level of spares is established adequate enough to protect the 
operation, the decision can be made to either replenish this inventory 
with new OEM parts when they are consumed, or to try some of the re- 
pair techniques currently available. In recent years techniques for the re- 
pair of alloys once unrepairable have advanced and will continue to ad- 
vance as long as there is a market for this type of service.* > The lead 
time required for the purchase of new hot parts can at times be unaccep- 
tably long. In this case remanufacturing or repairing parts may be the 
only acceptable alternative. 

The level of spares required for a gas turbine control system varies 
with the type of system and the complexity of the design. Currently sys- 
tems vary from older relay-based systems, through analog and hybrid an- 
alog/digital, to fully redundant digital systems. In the redundant systems 
the spares are on-line. In solid state analog systems (which are generally 
not redundant) a decision has to be made whether to stock individual 
cards, or a whole spare system and whether it should be kept powered-up 
or wrapped on a warehouse shelf. Generally a powered-up complete 
spare is the most reliable approach, but is also the most costly. Again, an 
assessment must be made as to the relative costs versus the reliability ob- 
jectives for the unit. 

Spare parts for aircraft derivative units are generally kept as complete 
gas generator assemblies. Other external assemblies associated with the 
engine are stocked as well. These include fuel manifolds, thermocouples, 
bleed valves, speed pickups, and guide vane actuators. Each operator 
must assess how many spare engines should be stocked to service his op- 
eration. This may mean none, or a share of a pooled spare engine or in 
the case of a major Canadian pipeline one spare for every four running 
engines.® 

Special tools are normally required to perform routine maintenance on 
both industrial and aircraft derivative engines. They are usually identi- 
fied in the maintenance manual for fabrication by the user, or supplied 
with the engine by the manufacturer. The responsibility for ensuring that 
these tools are available for an overhaul rests with the user. 
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Maintenance Organization/Planning 


The key to all satisfactory maintenance activity is planning.’ This is 
especially true when dealing with gas turbines. Even the simplest of 
maintenance tasks, whether it is recognized or not, requires some mea- 
sure of preplanning. A maintenance policy for gas turbines must address 
the increased importance of inspection and overhaul planning if un- 
planned outages are to be avoided. Each user regardless of the number or 
type of the engines must institute the following basic types of planning to 
be successful in gas turbine maintenance: 


1. Material/Spare Parts Planning 

2. Manpower/Training 

3. Technical Analysis/Historical Record keeping 
4. Contingency Planning 


Each of these basic types come together into a formal turbine overhaul 
and inspection plan. Without any one of them, the overall effort will 
never achieve maximum effectiveness. This type of planning is funda- 
mentally no different from other types of rotating machinery planning. 


Condition Monitoring 


Advances in condition monitoring over the last few years along with 
the high cost of inspections and overhauls are gradually shifting the em- 
phasis in gas turbine maintenance from a preventive to a more predictive 
approach. More and more users of both industrial and aircraft derivative 
engines are challenging the manufacturer’s recommended inspection 
schedule in favor of a “more scientific approach.” In process plants, the 
manufacturer’s schedule often just does not mesh very well with the man- 
ufacturing plan for the process unit. In other cases units are shut down 
due to a problem in another part of the plant. This gives an opportunity 
for some minor inspection, such as a borescope inspection, and based on 
this data run lengths are extended. It must be remembered that many 
parts of a gas turbine are designed for a finite life, typically 100,000 
hrs., and that there is a statistical probability that the part will not last 
that jong. This is one of the main factors which sets gas turbines apart 
from other types of rotating equipment. Whereas many companies are 
extremely successful in operating compressors, motors, and to a certain 
extent steam turbines based on observed condition only, this is not yet 
feasible with gas turbines. Most users rely on a “home-brewed” mixture 
of fired hours, historical data, and condition monitoring to determine gas 
turbine run lengths. 


452 Major Process Equipment Maintenance and Repair 


What is meant by condition monitoring? Quite simply it is the observa- 
tion and analysis of externally observable parameters to estimate the in- 
ternal condition of the machine. As the word “estimate” implies, this is 
not an exact science, but one that requires a great deal of skill and experi- 
ence. The technology of condition monitoring is advancing rapidly as 
lower cost computers make sensing, trending, and analyzing turbine data 
easier and more accessible. The parameters most closely monitored are 
performance and vibration. 

Monitoring may be as simple as the analysis of a few key variables 
which are manually recorded on log sheets. It may also be as extensive as 
the computerized collection and analysis of 150 variables for a single gas 
turbine train. Process plants which place a high value on outage time and 
operate unspared single train units can easily justify the monitoring of every 
conceivable variable around a gas turbine on the basis of proper identifica- 
tion of the cause of trips alone (Figure 9-5). 

Vibration monitoring of gas turbines presents a few difficulties not 
normally encountered on other types of turbomachinery. High tempera- 
tures in and around the engine require that special precautions be taken to 
ensure probe wires remain cool. On industrial turbines with noncontact 
type probes many times this means running the probe leads in the bearing 
oil drain piping, since this path is cooled by the flow of oil. Monitoring 
with seismic probes is another option employed by some industrial users 
and is the only practical method for aircraft derivative units. On large 
industrials establishing good locations for these probes in close proximity 
to the bearing is sometimes difficult. Many users have chosen to retrofit 
noncontact probes with good success when unavailable through the man- 
ufacturer. 

Performance monitoring is carried out in basically the same fashion on 
each engine, although the analysis of the data taken is quite different de- 
pending on the type of turbine and control scheme employed. Basically 
one tries to determine the engine’s ability to produce power for a given 
amount of fuel. If carried out properly this analysis should not only indi- 
cate the deterioration of thermodynamic performance, but give an indica- 
tion of the mechanical health of the engine. The simplest form of perfor- 
mance monitoring involves the trending of key variables (e.g., pressure 
ratio, compressor speed, turbine speed, fuel flow) associated with the en- 
gine and comparing them with a baseline which has been developed. This 
method is commonly used on fixed geometry engines, both industrial and 
derivative. Variable geometry engines, however, do not lend themselves 
easily to this type of analysis making trending extremely difficult in com- 
parison to the fixed geometry engines. Thermodynamic gas path analysis 
is really the only good way to establish the performance of a variable® 
geometry turbine. This involves an iterative process of matching the per- 
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Figure 9-5. Computerized machinery monitoring system (courtesy Zonic Corp.). 


formance of the compressor with the turbine section for a given output 
speed and exhaust gas temperature. 


Inspection/Overhaul/Repair 


This section deals primarily with one of the two basic types of mainte- 
nance practiced on gas turbines, that is scheduled maintenance. The other 
type, unscheduled maintenance, is the type which we seek to avoid, or at 
least minimize. Unscheduled gas turbine maintenance in a process plant 
is always extremely expensive and when carried out well is characterized 
by rapid identification of the problem and implementation of the solution. 
Time is not usually spent thinking about “what else should be done.” It 
was once said that, “emergency shutdowns lead to hasty decisions which 
in turn lead to costly mistakes.” 

Scheduled maintenance in its broadest sense includes many of the con- 
cepts dealt with earlier in this chapter. Scheduled maintenance is a contin- 
uous activity which incorporates the condition monitoring program, rou- 
tine inspections by operating personnel who identify problems which can 
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be rectified while the unit is running, and such activities as online com- 
pressor cleaning. Although there are many different types of maintenance 
and inspection activities which are commonly discussed, we will simplify 
them into two major classifications: combustion inspection and major 
overhaul. Not all comments will apply to every turbine. Primarily we 
will focus on industrial type turbines commonly used for mechanical 
drive applications in process plants. These are generally between 15- 
35,000 HP and are either one- or two-shaft designs. 

A combustion inspection for our purposes is defined as an inspection 
and/or replacement of the major components of the combustion system. 
These include fuel nozzles, combustors, transition pieces, cross-flame 
tubes, and in some cases even first stage nozzles! Various other work is 
also carried out with this inspection (Table 9-2), but the work stops short of 
the removal of any of the upper casings. Borescope inspections are carried 
out into the various portions of the hot gas path which is not directly visible 
except by this method. Stationary vane surfaces should be inspected for: 


© Foreign object damage 
® Corrosion 
e Cracks 
Trailing edge bowing 
Table 9-2 
Inspection/Maintenance Task List 
Combustor Major 
Item Action Performed Inspection Overhaul 
1 Inspect fuel nozzles x K 
2 Inspect ignitors x x 
3 Inspect combustors and cross flame tubes x x 
4 Inspect combustion transition pieces x x 
5 Inspect 1st stage nozzles and blades x x 
6 Check all field transducers x x 
7 Replace faulty thermocouples x x 
8 Check control calibration x x 
9 Check back-up systems x K 
—UPS system 
—Lube/control oil system 
—Fire protection system 
10 Inspect compressor IGV’s x x 
11 Inspect all compressor stages x 
12 Inspect all turbine stages x 
13 Check bearings and seals x 
14 Inspect and check alignment x 
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© Erosion 
e Burning 


Similarly the rotating blade airfoil surface may exhibit the following 
defects: 


@ Foreign object damage 
e Corrosion 

e Cracks 

e Erosion 

e Burning 


In addition to the above, a visual check may be made of the rotating 
blade tip clearances. The root areas are not visible when using the bore- 
scope. To view all rotating blades the rotor must be turned manually. 
Normally there is some facility provided for this purpose. 

The downtime associated with combustion inspections can be some- 
what reduced by utilizing a spare set of combustors, transition pieces, 
and fuel nozzles. Inspection and repairs can be made on the removed 
parts without holding up the reassembly. 

A major overhaul includes all of the tasks of a combustion inspection 
along with the removal of the upper half of the casing for inspection of 
the entire gas path. A major overhaul may include the removal of the 
rotor(s) from the casing for blade inspection, the removal of blades from 
the rotor for blade root and disk inspection, or an inspection “in-situ.” 
Some may call the latter a hot gas path inspection rather than a major 
overhaul, but generally if the casing has to be removed we would con- 
sider this major work. 

Crack detection is the primary thrust of inspection activities on gas tur- 
bine overhauls.? A number of techniques are used both in the field and 
the shop. These include: 


© Visual inspection 

© Dye penetrant inspection 

© Magnetic particle inspection 

© Fluorescent (Zyglo) inspection 
© Ultrasonic inspection 

e Eddy current inspection 


Visual Inspection 
Visual inspection in its broadest sense includes observations made with 


the unaided eye, borescope inspections, and observations of measuring 
instruments. Visual inspection is usually the first method employed and 
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is useful in assessing the macro condition of a component. It normally 
indicates that one of the other types of inspection should be performed. 


Dye Penetrant/Fluorescent (Zyglo) Inspection 


These are perhaps the most widely used methods of crack detection, 
especially in the field. They are both limited to the detection of surface 
imperfections since they depend on the liquid being drawn into the imper- 
fection by capillary action. Dye penetrant is usually easier to use in the 
field since it is very portable and can be done in a variety of light condi- 
tions. Zyglo is generally preferred, where possible, since it is more sen- 
sitive, but it does require darkness and the use of a black light. Small parts 
such as blades which can be removed to a darkened booth, are almost always 
inspected by the Zyglo method (Figure 9-6). 





Figure 9-6. Zyglo inspection (courtesy Canadian Westinghouse). 
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Magnetic Particle Inspection 


This method is also widely used in industry, although it is losing some 
of its popularity with machinery engineers. It relies on the attraction of 
iron particles to discontinuities in a magnetized piece of steel. There are a 
number of disadvantages with this method. First, the material to be tested 
has to be capable of being magnetized. This leaves out most of the high 
nickel and cobalt alloys used in gas turbine blading, along with austenitic 
stainless steels, copper alloys, aluminum, etc. Materials associated with 
rotating machinery which have been inspected in this fashion normally 
retain some residual magnetism. There is evidence that this is the cause 
of shaft currents, which leads to premature bearing failure. Any parts 
which have been inspected in this manner should be checked for residual 
magnetism with a gaussmeter. The sensitivity of this type of inspection is 
also greatly dependent upon the skill of the operator and the relative ori- 
entation of the discontinuity to the applied field. 


Eddy Current Inspection 


Eddy current inspection utilizes the same principle as the eddy current 
probe (sometimes referred to as the noncontact probe, or the Bently 
probe). This is a relatively new technology which requires a significant 
amount of operator skill. It can be extremely sensitive and is most com- 
monly applied to the detection of fine cracks in the fir-tree roots of aus- 
tenitic blade materials. 


Ultrasonic Inspection 


Both surface and subsurface flaws can be detected by ultrasonic in- 
spection. This technique utilizes high frequency sound waves which are 
introduced into the material being tested and are sensed by a probe held 
on the surface of the material. Ultrasonics are very versatile, but like 
eddy current inspection require a very skilled operator, and frequent cali- 
bration of instrumentation. 


Alr intet and Compression 


Both the heavy duty industrial and the aircraft derivative gas turbine 
use large volumes of air. In the case of a 17,700 KW gas turbine the 
amount of inlet air approaches 1 million lbs per hour. If only 10 ppm of 
dust is carried in that air, it would be equivalent to 240 lbs of particulate 
passing through the machine every day. 

Filtration systems are employed to provide protection from erosion, 
corrosion and fouling.’ !! 
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Erosion 


Both the axial compressor and the hot gas path parts can be affected by 
erosion from hard, abrasive particles, such as sand and mineral dusts. As 
they impact upon the compressor blades, they cut away a small amount of 
metal. The net rate of erosion, although not precisely quantifiable, de- 
pends on the kinetic energy of the particles, the number of particles im- 
pinging per unit time, and the mechanical properties of both the particles 
and the material being eroded. In general, the experience of one major 
gas turbine manufacturer indicates that particles below 10 microns do not 
cause erosion, whereas particles 20 microns and above normally cause 
erosion when present in sufficient quantities. 


Corrosion 


Two types of corrosion are generally to be avoided. These are com- 
pressor corrosion and hot section corrosion. Compressor corrosion is 
typically caused by moisture in combination with sea salt and in some 
cases acids. They cause the compressor blades and vanes to become pit- 
ted, adding drag, increasing their susceptibility to fouling and decreasing 
their aerodynamic performance. Hot section corrosion is far more seri- 
ous and occurs when certain metals combine with sulfur and/or oxygen 
during the combustion process, and deposit on the surfaces of the hot gas 
path parts. Of primary concern are sodium, potassium, vanadium, and 
lead. These metals, either as sulfates or oxides, cause the normally pro- 
tective oxide film on hot gas path parts to be disrupted so that the parts 
oxidize several times faster than in the presence of exhaust gases free of 
these metals. 


Fouling 


Compressor fouling in the short term is the most noticeable effect of 
poor inlet air filtration. The type of performance monitoring outlined 
earlier addresses this problem. With increasing cost of fuel the savings to 
be realized from operating at maximum efficiency have become signifi- 
cant. 

The efficiency of an axial compressor is dependent on, among other 
considerations, the smoothness of the rotating and stationary blade sur- 
faces. These surfaces can be roughened by erosion, but more frequently 
roughening is caused by the ingestion of substances which adhere to the 
surfaces. These include oil vapors, smoke, and sea salt. The output of a 
turbine can be reduced as much as 10 percent by compressor fouling. 

There are various methods of removing deposits from blading in use 
today. Some can be accomplished with the unit running and others re- 
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quire the unit to be shut down. The two basic types are the dry media 
cleaning and the solvent/water (wet) method. Dry media cleaning em- 
ploys either some type of ground nutshells (usually walnuts or pecans) or 
a fine alumina catalyst such as is used in most Catalytic Cracking units. 
This method is always carried out on the run and is usually quite effec- 
tive. There are some vendors who do not approve of this method and it 
has proven ineffective if deposits are very sticky such as those mixed 
with a lot of oil. The wet methods are carried out in a number of ways 
usually specific to the individual machine involved. Some are done while 
the unit is shut down, some at cranking or ignition speed and some while 
the engine is being fired (although normally at minimum load). One 
method which has been successfully applied to a two-shaft industrial tur- 
bine heavily fouled with oil and dirt was to coat the axial compressor 
blades with a strong industrial detergent while at ignition speed. The unit 
was allowed to sit for a time (rather like cleaning an oven) and then the 
mixture was washed off with water, again while the unit was at ignition 
speed. 

All turbine manufacturers are interested in seeking the best quality air 
possible for their turbines. This usually leads to the purchase of one or 
two types of filtration systems. The older system includes an inertial sep- 
arator, which removes coarse particles, and a high efficiency media filter 
(Figure 9-7). The inertial separator is usually adequate to protect 
against erosion, while the high efficiency media removes fine contami- 
nants which could lead to hot path corrosion. A prefilter is sometimes 
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Figure 9-7. Inertial/High efficiency filter (Reference 8). 
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Figure 9-8. Typical pulse type filter (Reference 9). 


installed to extend the life of the more costly high efficiency media. In 
recent years the development of the automatic self-cleaning filter (Figure 
9-8) has greatly decreased the complexity of standard filtration systems 
and reduced the amount of maintenance required. They are designed for 
an element life of approximately two years at a fairly constant pressure 
drop of two to three inches of water column. Self-cleaning filters are es- 
pecially attractive in cold climates where other filter types would require 
costly preheat systems for anti-icing. 

Mechanically, axial compressors require very little routine mainte- 
nance. Problems normally encountered include tip rubs, sealing strip 
tubs, and foreign object damage (FOD). In the design of the axial, ex- 
treme care must be taken to avoid blade resonances; however, these prob- 
lems are rare in the field on equipment other than prototype machines. 
Figure 9-9 illustrates the axial compressor rotor from a two-shaft indus- 
trial gas turbine in the balance stand. With all of the inlet precautions 
described it would seem unlikely that FOD would occur, but sometimes it 
does. Often when a shallow nick is discovered in the upper portion of the 
blade, it may be left “‘as-is” or “blended,” that is ground to minimize the 
stress concentration factor. If it is too deep or too low on the blade pro- 
file, blade replacement may be necessary. This can be either very easy or 
very difficult depending on the design of the specific axial compressor. 
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Some axials have wheel spaces which are wider than the width of a blade 
and facilitate the individual replacement of blades. Other models require 
that the rotor disks be completely disassembled to get at a single blade. 
The maintenance savings in the first instance are obvious. 


Fuel System and Combustion 


Gaseous or liquid fuels can be burned in gas turbines. Since fuels vary 
widely in calorific value, hydrocarbon composition, contaminants pres- 
ent and viscosity, each fuel must be considered separately in terms of engine 
performance, reliability, operation, and maintenance.® 

The use of natural gas fuel for industrial gas turbines is wide-spread. 
Natural gas is generally considered to be the optimum fuel when supplied 
to the unit in clean, dry and sweet form. Machines fired on good quality 
natural gas will invariably exhibit superior operation compared to similar 





Figure 9-9. Axial compressor rotor in balance stand (courtesy Canadian Westinghouse). 
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units operating on liquid fuels. In line with most turbine manufacturers’ 
recommendations, the gas supplied should be free of particulate, contain 
the minimum amount of hydrogen sulfide, and should be at least dry and 
preferably have 20°F superheat at entry to the turbine fuel system. 

In general, problems associated with gas fuel systems are either caused 
by variations in the calorific value of the gas or by the condensation of 
hydrocarbon liquids. Due care and attention should be paid to the design 
and operation of the knock-out facilities associated with the gas turbine. 
A secondary knock-out drum or inline cyclone separator should be in- 
stalled as close to the turbine as possible, to eliminate any condensation 
in the line from the primary knock-out facility. 

Operation on distillate fuels such as diesel fuel generally does not pre- 
sent a major problem. This type of fuel is usually free of the type of con- 
taminants which cause hot corrosion of the turbine blades. Crude oil, on 
the other hand, represents a serious risk of hot gas path corrosion if not 
properly treated to remove the heavy metal contaminants which are usu- 
ally present. 

Life expectancies for combustion hardware operated on liquid fuels are 
generally less than those which are operated on gaseous fuels. Gas tur- 
bines operated on dual fuel, that is liquid and natural gas, suffer from 
coke build-up in the liquid fuel nozzles if the liquid nozzles are not ade- 
quately purged when not in use. Purging is usually done with air or natu- 
ral gas. 

The basic components of the combustion system are the fuel nozzles, 
combustor baskets, transition pieces, cross flame tubes, and associated seals, 
clips, etc. A typical primary combustor basket from a heavy duty industrial 
turbine is shown in Figure 9-10. 

Combustion system hardware is generally the portion of the gas tur- 
bine that has the shortest life and requires the most maintenance. This is 
due to the extreme turbulence around the combustors, and the high tem- 
peratures associated with the combustion process. The key to extending 
the maintenance interval on most gas turbines lies in extending combus- 
tion system component life. 

Both fretting and fatigue cracking are common on combustion system 
components. The combustors must be designed to accommodate thermal 
expansion, but yet be rigid enough to handle the turbulence in the area. 
This normally involves sliding fits, which are prone to fretting. Numer- 
ous holes and spot welds provide stress concentration points to initiate 
fatigue cracks, which are propagated through the hot metal by vibratory 
forces caused by turbulence. Design improvements seek to minimize 
these problems, but to date have not eliminated them. Combustor inspec- 
tions are hopefully timed to catch failures of these components before 
they cause serious downstream damage to the machine. 
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Figure 9-10. Typical primary combustor basket (courtesy Canadian Westinghouse). 


Turbine and Exhaust 


Whereas the combustion system of a gas turbine requires most of our 
routine maintenance, the downstream hot parts are where maintenance 
becomes most expensive. Annual expenditures for routine maintenance 
on a gas turbine may average ten to twenty percent of the initial purchase 
price.* 

In order to achieve the highest possible operating efficiency, gas tur- 
bine combustion temperatures are kept high. Thus, turbine inlet tempera- 
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tures are held rather high. This, in turn, generates severe thermal stress- 
ing in both rotating and stationary hot components, stressing which taxes 
the properties of even the most up-to-date superalloys used as materials 
of construction. 

As the operating temperature for gas turbine components has in- 
creased, the development of suitable alloys has progressed. Each new de- 
velopment has resulted in increased high temperature strength, improved 
creep and fatigue resistance, or enhanced corrosion resistance. However, 
minor deviations in temperature control, burner condition, cooling air 
flow or fuel quality can cause sudden and major damage to the hot com- 
ponents. Component deterioration due to tensile fracture, thermal fa- 
tigue, or hot corrosion results in varying degrees of metal disintegration 
and further damage from erosion or more severe mechanical impact. 
Progressive corrosion in a typical superalloy and foreign object damage 
can result when upstream components break up and strike downstream 
components such as turbine blades. 

In most heavy duty industrial engines the life of the first stage turbine 
nozzles limits the interval between major overhauls. Typical damage in- 
cludes sidewall and vane cracking, vane bulging, impact damage and, to 
a lesser extent, hot corrosion. These problems tend to be worsened by the 
collapse of cooling core inserts and plugging of vane section cooling air 
holes. A trend seems to have been established to group these vanes in 
smaller segments. This minimizes the thermal variations within the seg- 
ment. The probability of cracking is reduced and replacement of a 
smaller piece is made possible when cracks do develop. One design has 
gone so far as to use single vanes which are replaceable without remov- 
ing the upper half of the casing. 

Since vane segments afe stationary parts not subjected to extremely 
high stress levels, it is possible to carry out considerable weld repair of 
cracks and impact damage. Whole sections of the vane may be cut out 
and new pieces welded in place. 

Rotating turbine blading, especially the first stage rotor blades, are 
some of the most vital components of any gas turbine. First stage blades 
see the most severe environment in terms of stress levels and metal tem- 
peratures. The most common defects in turbine blading result from im- 
pact damage, hot corrosion, thermal fatigue, and creep void growth due 
to long term exposure to stress and temperature. 

Weld repairs to these blades are generally restricted to the restoration 
of blade tips damaged because of rubs, cracking, or minor foreign object 
damage. Creep damage may be reversed through hot isostatic pressing 
(HIP). This technique may also be used to enhance the as-cast properties 
of new blades prior to putting them into service.> 

It is typically claimed that parts can be recovered in “as new” condi- 
tion for between 30 and 60 percent of the cost of a new part. Care should 
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be exercised to ensure that the part recovery procedure is proven and ec- 
onomic in terms of cost versus additional life expected. Newer and better 
repair techniques are being developed rapidly. As confidence in these re- 
manufacturing procedures increases, it is expected that recycling of hot 
gas path components will become a more accepted practice in the process 
industries. 


Controls 


Gas turbine control systems are without doubt the most complex con- 
trols on any form of rotating machinery. Driven by advances in digital 
technology, these systems are presently undergoing rapid changes. To gener- 
alize about controls is almost impossible, since nearly every gas turbine 
manufacturer uses his own control system. Moreover, even these are not 
always consistent from one model to another. 

Reliability is the key to all control systems. Reliable starting, stopping, 
and governing are the basic objectives. The type of execution used to 
achieve this objective has developed from pneumatic and relay-based 
systems, through solid state analog systems to fully redundant digital sys- 
tems. Figure 9-11 shows the type of control panel which was commonly 
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Figure 9-11. W191 Control panel (courtesy Westinghouse Canada). 
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Figure 9-12, CW352 Control Panel (courtesy Westinghouse Canada). 


designed for machines through the 60s and early 70s. They attempted to 
achieve reliability through simplicity. In the 70s, solid state electronics 
became popular for gas turbines. Digital and digital/analog hybrid systems 
(Figure 9-12) were developed. These systems allow much more flexibility at 
the expense of simplicity. There is a continuing debate about whether added 
complexity and redundancy provide reliability. 
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Any control system faces its most severe test during the start cycle.” 
Consequently more problems are encountered at this time and these prob- 
lems are the most difficult to troubleshoot. It is critical to understand the 
sequence of events which the control system is trying to execute. 

The normal sequence of events in the starting of a gas turbine is: 


1. The starter is energized and the gas turbine accelerates to ignition 
speed. 

2. The fuel valve is opened and the ignition system energized. Some 
period of time is alotted to confirm that lightoff has occurred. 

3. The turbine is accelerated using an acceleration fuel schedule along 
with help from the starting device. 

4. At some point the gas turbine achieves a self sustaining speed and 
the starting device drops out. The turbine continues to accelerate 
until it reaches the speed setting of the governer. 

5. After a suitable warm-up period, load is applied to the turbine. 


All control systems, no matter how complex, receive information 
about the turbine from devices mounted on the machine such as thermo- 
couples, transmitters, probes, UV flame detectors etc. These devices are 
critical and should be checked at every service outage. Sensors which 
have failed should be replaced and those which can be adjusted recali- 
brated. 


Lube Oll System 


As in other process plant machinery trains, the quality of the lube oil 
system which is supplied with the train has a definite impact on the ser- 
vice factor of the unit. Gas turbines are normally supplied with a lube oil 
package mounted in the bedplate of the turbine. These packages do not 
normally meet the type of standards (such as API 614) which have been 
developed to ensure the reliability desired for refinery and process plant 
application. The gas turbine purchaser may have a number of options 
from which to choose. 


1. Accept the vendor’s standard. In some cases this is all that can be 
done and as long as vendor and user agree on its adequacy, this will 
be the least expensive and easiest option. 

2. Review and propose changes to the vendor’s standard package. This 
method is the most common. Care should be taken to avoid making 
the vendor’s design less reliable and unnecessarily expensive. 
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3. Purchase an API system. This will normally mean that the vendor’s 
standard system in the bedplate must be removed and a separate 
system installed. This type of system is not practical with many gas 
turbines, since the lube oil system is heavily integrated into the ven- 
dor’s design. In a process plant, reliability improvements can nev- 
ertheless be made by this approach. A steam turbine driven main 
lube oil pump can eliminate the auxiliary drive gearbox and its as- 
sociated couplings, etc., making the gas turbine train itself less 
complex. 


Regardless of the type of lube oil system supplied, the calibration of 
instruments associated with the system is critical in maintaining a high 
service factor. These instruments should be located in such a way as to 
ensure they are not physically abused, and are readily available for cali- 
bration during maintenance outages. A cabinet containing all of the pres- 
sure switches and gauges associated with the gas turbine such as shown 
in Figure 9-13 facilities maintenance. This cabinet can be located as 





Figure 9-13. Pressure switch and gauge cabinet (courtesy Canadian Westinghouse). 
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Figure 9-14. Gas turbine lube oil system showing gauge cabinet (courtesy Canadian 
Westinghouse). 


shown in Figure 9-14, away from heat and vibration, yet close enough for 
easy access. 

Oil leaks present a greater hazard on gas turbines than on most other 
types of machinery. Care must be taken to minimize the number of places 
where leaks can occur, especially in hot areas. However, oil leaks will 
occur and one should ensure that provision is made to collect the oil in a 
safe location. 


Maintenance Records 


Once again, gas turbines represent a slightly different problem in terms 
of record keeping. Generally much more information is supplied with a 
gas turbine than any other type of machine. As the gas turbine is oper- 
ated, inspected, and overhauled, a great deal of valuable information be- 
comes available. If collected and properly organized, these data will 
form the cornerstone of an effective maintenance strategy. 

Maintenance records should include a maintenance log of work per- 
formed on the turbine and operating data from the machine as well. This 
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does not mean that the operating log sheets should be kept in the mainte- 
nance file, but that operating parameters around the engine should be re- 
corded before and after mechanical work to provide a baseline operating 
record. 

Effective gas turbine maintenance requires documenting the condition 
of every part on an inspection or overhaul. Most parts have serial num- 
bers, which makes it much easier to keep track of the history of a single 
component. Pictures and sketches are imperative to keep track of accu- 
mulated fretting, cracking, foreign object damage and weld repairs on 
combustion and hot gas path parts. 

Control systems on gas turbines which employ programmable logic 
represent a special problem in terms of maintenance records. It is imper- 
ative that all changes, no matter how small, be recorded and logic dia- 
grams modified to reflect these changes. The flexibility to easily modify 
control logic is a tremendous asset, but a much worse liability if record 
keeping is not kept up. 

Keeping maintenance statistics is also useful in order to assess how the 
gas turbine is performing compared to others. To achieve a fair compari- 
son, reliability and availability statistics should only be compared on 
units with similar use factors.® In addition to indices which are normally 
kept on other major machinery trains (reliability and availability), two 
other indices are useful in comparing gas turbines. Starting reliability is 
defined as the ratio of successful starts to the total number of starts at- 
tempted. Since starting of the turbine so heavily involves the control sys- 
tem, this index is primarily a measure of the performance of the controls. 

“Use Factor” is important in comparing gas turbines, since a signifi- 
cant number of turbines are not required to operate continuously. This is 
generally not the case in process plants, but turbines can record remark- 
able reliabilities and availabilities if they are only run 10 to 20% of the 
year. 

It is equally important to record the number of starts which the turbine 
undergoes each year or per maintenance interval. This record should be 
closely monitored to establish what type of thermal cycles the unit has 
experienced. 

Maintenance record-keeping and indices close the loop in the mainte- 
nance strategy which has been developed for a unit. Merely keeping rec- 
ords for records sake is not appropriate. For best results, much effort 
must go into the analysis of those records. It is important to determine 
whether the maintenance strategy as initially defined is optimum for the 
unit in question. This means a continuous reassessment of spare parts 
stocking levels, machine design, repair procedures, control strategy, and 
overall operational philosophy to ensure that corporate objectives are be- 
ing met. 
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Maintenance Concepts for Aircraft Derivative Gas Turbines* 


Many operators of aircraft derivative gas turbines choose this type of tur- 
bine because of its package approach. Logically, these gas turbine users also 
prefer a maintenance service concept that will minimize their technical 
involvement. Major manufacturers of aircraft derivative gas turbines must, 
therefore, be in the position to offer a comprehensive service concept that 
minimizes downtime and maintenance costs. This goal is accomplished by 
dedicating personnel and facilities to service activities such as: 


Installation and commissioning 
Advice and diagnostic troubleshooting 
Spare parts procurement 

Inspections, overhauls, and repairs 
Full-load test runs 

Material analysis in own laboratories 


A comprehensive or total-service concept then consists of the following 
programs and systems: 


e Proactive maintenance 


Systems for recording and analysis of operating and maintenance para- 
meters 

Rental of ready-to-operate gas generators and power turbines for sched- 
uled and unscheduled repairs 

Factory repair line 

In-house care, advice on and co-ordination of all questions pertaining to 
furnished components 

Spare parts stocking program 

Rapid exchange of major gas turbine modules 

A broad customer training program 

Facilities for shop full load test runs 

Technical update by way of service bulletins 

Readily available service personnel 


Servicing. Servicing activities around aircraft derivative gas turbine pack- 
ages consist essentially of: 


Visual examinations of the areas surrounding the power turbine and 
ancillary equipment 

Cleaning of the gas generator interior 

General tasks, such as minor troubleshooting, oil sampling, filter and 
oil changes, and so forth. 


*Courtesy GHH BORSIG Turbomaschinen GmbH, 46145 Oberhausen, Germany 
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Inspections 


Borescope Inspections. The assessment of the gas turbine condition is 
accomplished through a borescope inspection procedure. Figure 9-15 shows 
typical borescope equipment for gas turbine inspection work. The aircratt 
derivative gas turbine in Figure 9-16 has 22 borescope ports allowing access 
to critical components of the core engine. This off-line condition monitoring 
method saves dismantling of individual gas generator assemblies and avoids 
unnecessary maintenance-related downtime. 

Borescope inspections are scheduled once a year or every 7,500 operating 
hours using natural gas fuel or every 5,300 fired hours using fuel oil. First 
borescope inspections after 1,000 hours and 3,500 hours serve to establish 
baseline data for additional maintenance measures and future inspection 
schedules. 

The following components can be assessed by borescopy. See Figure 9-17: 


© Critical compressor rotor and stator blades of the low pressure (LP) and 
high pressure (HP) stages 

Combustion liner and fuel nozzles 

HP turbine stator and rotor blades 

LP turbine and stator blades, both stages 

Inlet and outlet areas of the power turbine 





Figure 9-15. Borescope kit. (Courtesy Industrial Division, Wolf Instrument Corporation, 
Vernon Hills, Illinois). 
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Figure 9-16. Cross section of a 25 MW aircraft derivative gas turbine. 
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Figure 9-17. Arrangement of borescope ports—GG8- 1. 


When a service contract exists, the borescope inspection is performed by an 
OEM field service engineer using his video camera in conjunction with the 
necessary borescope probes. Images of internal turbine part surfaces are 
acquired in situ for inspection on a video monitor and recorded on video cas- 
settes. It is also possible to have important images printed as color pictures. 
Inspection documentation, service reports, and administration are handled by 
the OEM. The advantage of this procedure is that it becomes the responsibili- 
ty of one party to compare images from past inspections with present ones, to 
recognize changes and thus to determine proactive maintenance schedules. 
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Facility Check. A check of the total gas turbine installation takes place in 
conjunction with the borescopy inspection. This check entails, among others, 
functional tests and calibration of essential components such as protective 
devices. Additionally, the check includes an overspeed test, checks of the 
piping system, taking of oil samples, and a visual examination of gas turbine 
and auxiliary facility exteriors. 

These preventive measures guarantee a high gas turbine package avail- 
ability by reducing the number of trouble incidents usually triggered, espe- 
cially by ancillary equipment. 


Hot Gas Path Inspection. The decision to open the hot gas path for inspec- 
tion is based on the preceding borescope inspection results, i.e., the observed 
condition of the hot gas path components. It might now become necessary to 
partially disassemble the combustion chamber module in order to examine 
the flame tubes, the fuel nozzles, the transition ring, and the stator and rotor 
blades of the LP-stage turbine. A similar procedure should be followed in 
order to perform a visual examination of the compressor components and to 
judge the degree of fouling or erosion of individual parts in that module. 


Major Inspection. Extent, timing, and duration of major inspections are vari- 
able and are determined by the following familiar factors: 


e® Environmental conditions 

® On-site maintenance facilities 

© Permissible downtime 

e Fuel type and quality 

® Operating mode, such as base load, peaking, or pipeline operation 


Inspection resource requirements are listed in Table 9-3. 
Table 9-3 


Inspection Resource Requirements for a 25 MW Aircraft 
Derivative Gas Turbine 


Interval (h) Personnel Minimum 
Maintenance Activity (Natural Gas Fuel) Requirement Downtime (h) 

Borescope Examinations 1,000 + 3,500 

(one-time) 2 12 
Borescope Examinations 7,500 or annual 2 12 
Total Facility Check Annual 2 36 
Hot Gas Path Inspection Dependent on results 

of preceding borescope 
examinations; but 22,500 
to 26,000 2 36 
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On-Site Overhaul and Repair. A well conceived service concept must provide 
for minor overhauls and repairs of auxiliary equipment and turbine exterior to 
be carried out on site. If major wouble with the gas generator or the power 
turbine occurs, a complete exchange of these components is indicated. This is 
where the aircraft derivative gas turbine comes into its own: A rapid exchange 
of components is, of course, only possible with this type of gas turbine. The 
result is a considerable reduction of downtime. For this operation, a lifting 
capacity of 5 tons must be available. Figure 9-18 illustrates the removal of the 
gas generator. Table 9-4 lists the resource requirements for the exchange of 
main modules. 


TC350-144 





Figure 9-18. Removal of the gas generator on a 25 MW aircraft derivative gas turbine. 


Table 9-4 
Time and Personnel Requirement for the Exchange of Main Modules for a 
25 MW Aircraft Derivative Gas Turbine 


Main Module Personnel Requirement Minimum Downtime (h) 
Gas Generator Power turbine 3 8 
Power Turbine 3 36 
Auxiliary Drive 2 6 
Turbine Module 
(Gas Generator) 3 36 


Combustion Chamber Module 
Flame Tubes, Fuel Nozzles, 
Transition Ring 2 34 
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Factory Overhaul and Repairs. Overhaul and repairs of gas generators and 
power turbines are performed at the vendor's factory. The required steps are 
as follows: 


e Dismantling of the modules to be overhauled 

e Assessment and recommendation of overhaul volume 

e Decision on extent of overhaul by owner or operator 

e Overhaul and repair of individual components or modules 
e Reassembly 

@ Test run as required 


Figure 9-19 shows the modular construction of the gas generator. It is 
obvious that such a modular arrangement must lead to a significant reduction 
of overhaul and repair costs. 


Spare Parts. Most owners or operators of aircraft derivative gas turbines 
maintain a low on-site spare parts inventory because components and mod- 
ules are stocked at this OEM's factory. In keeping with the total service con- 
cept, spare parts planning and stocking proposals are formulated here based 
on constantly updated information on operating units in the field. 

The purchase of large spare parts, for example, complete modules, are rec- 
ommended to operators who decline to consider the OEM’s ready-to-operate 
rental gas generators and power turbines. 
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Figure 9-19. Modular construction of the gas generator GG8-1. 
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Tools and Fixtures. Fixtures required on site are classified as follows: 


e Fixtures for the exchange of the gas generator and power turbine 
e Fixtures and tools for the hot gas path inspection 
e Boroscopy inspection kit 


Even when operators choose to have the boroscopy inspection conducted 
by the OEM’s representatives, it is recommended that they have their own 
boroscopy kit available on site. 


Trend Analysis. This OEM offers a program designed to record and analyze 
relevant operating data. This data provides insight into the mechanical con- 
dition of the gas turbine and serves as an aid to a proactive maintenance 
strategy. Timely recognition and subsequent elimination of functional devia- 
tions help to avoid forced outages. Additionally, the program determines 
appropriate time schedules for compressor washing operations. In case of an 
alarm or even a trip initiated through the unit controls, all operating parame- 
ters at that point in time are stored independent of the normal data acquisi- 
tion cycle. They then become available for the investigation of the cause of 
the alarm or trip. 

All data is regularly transmitted by way of modem or diskette to the 
OEM’s technical advisory department for analysis. Here the results are com- 
pared with previous boroscopy examination and oil analysis results. In case 
of an unfavorable trend, the gas turbine operator is notified and instructions 
for corrective measures are issued. 


Oil Analysis Program. The goal of an oil analysis program is early detection 
of the smallest metal particle with the aid of spectroscopic laboratory exami- 
nations. These particles could indicate problems pertaining to oil wetted 
components of the gas generator. The program also defines limit and metal 
values with the objective of an early warning of impending distress. There- 
fore, together with vibration monitoring, an additional distinct possibility is 
made available to judge the condition of the bearings. 

The oil analysis program monitors oil content for aluminum, chromium, 
iron, nickel, silver, and titanium. This is an effective program as the 
approach has been well proven in the surveillance of aircraft jet engines. 

Additionally, the gas generator features three metal particle detectors for 
the indication of wear particles in the lube oil. As soon as such particles pass 
a metal detector, an alarm is initiated to prompt the removal of the particles 
from the detector’s strainer. 


Training Programs. It should go without saying that a major gas turbine 
manufacturer must offer appropriate training courses. These courses are 
adapted to the special needs of the owner’s operating personnel. Training 
program contents and duration depend on the experience level and the make- 
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up of the participants. In general, the total training tume amounts to approxi- 
mately 15 to 20 days. Training handbooks handed out to the participants deal 
in each case with a specific facility and are usually excellently suited to 
serve as a reference guide for operations and maintenance. Table 9-5 illus- 
trates the training course structure. 


Table 9-5 
25 MW Gas Turbine Training Program Structure 
Training Course Course Participants Course Duration (Days) 
I General Introduction For those who are 
directly involved with 
the gas turbine package 3 
WY Operating and For those who are 
Troubleshooting responsible for the operation 
and/or maintenance of electronic 
components 15 
Il Servicing and Inspection For those who are in charge 
of maintenance 5 
IV __ Performance Analysis For those who are involved. 
in performance evaluation 3 
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Chapter 10 


Maintenance of Hydraulic 
Governors* 


This segment will provide typical adjustment and maintenance infor- 
mation for mechanical speed governors. The mechanical governor as 
described here is the Woodward PG-PL (pressure compensated governor) 
type with a pneumatic speed setting mechanism. The PG-PL shown in 
Figure 10-1 is representative of most mechanical governors found in the 
petrochemical industry. All PG governors have the same basic compo- 
nents regardless of how simple or complex the complete control may be. 

The standard oil pressure for PG governors is 100 psig. However, with 
appropriate modifications the oil pressure may be increased, thus in- 
creasing the work capacity of the power cylinder assembly. 

Control air pressure must be three psig minimum and 100 psig maxi- 
mum. Typical pneumatic ranges are 3 to 15 psig and 10 to 60 psig. 


Linkage Adjustment is Important 


The linkage from the governor to the fuel or steam control should be 
properly aligned. Any friction or lost motion should be eliminated. Un- 
less the engine or turbine manufacturer has given special instructions, 
the linkage should be adjusted so that when the governor power piston is 
at the end of its stroke in the “OFF” direction, the gas or steam valve, or 
diesel fuel pumps will just be closed. 


Oll Specifications Must be Observed 


Use SAE 20 or 30 oil for ordinary temperature conditions. If governor 
operating temperatures are extremely hot, use SAE 40 to 50; if extremely 


* Compiled by R. S. Adamski, using copyrighted material provided by and with permis- 
sion of the Woodward Governor Company, Fort Collins, Colorado 
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cold, use SAE 10. In most cases, the same oil that is used in the engine or 
turbine may be used in the governor. 

Keep the governor oil level between the lines on the glass of the oil 
level gauge when the engine or turbine is running. The oil should never 
be above the line where the case and column castings meet. Oil above this 
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Figure 10-1. Cutaway view of PG-PL Governor. 
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level will be churned into foam by rotation of the flyweight head. The 
governor can run safely with the oil level quite low in the gauge glass. 

It is important to always check governor oil level during operation 
once the governor has reached normal operating temperature. Add oil, if 
necessary, to the required level. 


Air Must Be Purged and Needle Valve Adjustment Made 


When the engine or turbine is started for the first time, or after the 
governor has been drained of oil, cleaned and refilled with oil, any 
trapped air in the governor must be removed using the following steps: 


1. 
2. 


3. 


Start the engine or turbine and run it at idle for at least 15 minutes 
to allow the governor and engine to warm up. 

Add oil to the governor to maintain the oil level between oil level 
lines on the gauge. 

Back off needle valve (ccw) several turns to allow the governor to 
hunt. Close the needle valve (cw) until hunting just stops. If the 
needle valve closes completely before hunting stops, proceed with 
the next step. 


. If hunting has not stopped, open the needle valve several turns to 


allow the governor to hunt for about five minutes using as much 
terminal shaft travel as possible. 


. Repeat Step 3. If the governor continues to hunt proceed with the 


following. 
Caution: The vent screw is under pressure. Do not remove while 
operating the governor. 


. Loosen the vent screw on the side of the governor case, enough to 


establish an oil leak. Bleed until the air bubbles stop, about one-half 
cup of oil. 


. Tighten the vent screw and refill the governor with oil. If the vent 


screw leaks after tightening, shut down the engine and remove the 
plug. Coat the plug with a good grade of pipe sealant, replace the 
plug and tighten it. 


. Repeat Step 3. 
. Run at normal maximum operating speed and check governor sta- 


bility. The needle valve may have to be closed slightly to achieve 
stability. 


With preloaded buffer springs, the needle valve should be no more than 
1/16 turn open for smooth operation. The needle valve must never be 
closed tight, as the governor cannot operate satisfactorily when this con- 
dition exists. 
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On some installations, opening the needle valve will not cause the en- 
gine or turbine to hunt. In such cases, bleed the air from the governor by 
disturbing engine or turbine speed to cause the governor to move through 
full stroke in both directions a sufficient number of times to force out all 
trapped air. 

After the needle valve is adjusted correctly for the engine, it should not 
be necessary to change the setting except for a large permanent tempera- 
ture change affecting the viscosity of the governor oil. 


Speed Adjustment 


The pneumatic speed setting mechanism furnished with the governor is 
either a direct type which increases the governor speed setting as the con- 
trol air pressure signal increases, or a reverse type which increases gov- 
emor speed setting as the control air pressure signal decreases. Perform the 
following procedures as applicable to set the maximum and minimum oper- 
ating speed of the governor. See Figures 10-] and 10-2. 


Direct Speed Setting Mechanism 


1. Set the manual speed adjusting knob to the minimum speed position 
(fully counterclockwise until clutch slips). 

2. Adjust the high speed adjusting setscrew as required until upper end 
of screw is flush with top of speed setting screw. 

3. Apply specified minimum control air pressure signal to the unit; ad- 
just the speed adjusting nut as required to obtain corresponding spe- 
cified minimum speed (clockwise to decrease); be sure the pneu- 
matic low speed adjusting screw does not touch the restoring lever 
at this time. 

4. Adjust the limiting valve adjusting screw as required so that it does 
not unseat the maximum speed limiting valve as speed is increased. 
Set governor speed range to control air pressure range as follows: 


a. Slowly increase control air pressure signal to maximum. Be sure 
engine does not exceed specified maximum speed. 

b. If specified maximum speed is obtained before control air pres- 
sure signal is increased to maximum, adjust the pivot bracket to 
move the ball bearing pivot toward the speed setting servo. 

c. If specified maximum speed is not obtained with maximum con- 
trol air pressure signal, adjust the pivot bracket to move the ball 
bearing pivot away from the speed setting servo. 

d. Adjust the pivot bracket as follows: Loosen the socket head 
screw in top of the pivot bracket; loosen knurled nut on appropri- 
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ate side of bracket and turn opposite knurled nut to move 
bracket; tighten screw and knurled nuts. 


5. Repeat Steps 3 and 4 until specified minimum speed is obtained 
with minimum control air pressure and specified maximum speed is 
obtained with maximum control air pressure. Speed should begin to 
increase as the control air pressure begins to increase from mini- 
mum. 

6. Apply maximum control air pressure to maximum speed. Adjust 
the limiting valve adjusting screw so that it just contacts the ball in 
the maximum speed limiting valve. Increase control air pressure 
slightly above specified maximum; the maximum speed limiting 
valve should open prior to engine reaching five rpm above speci- 
fied maximum speed. Readjust screw as necessary. 

7. Apply minimum control air pressure signal for minimum engine 
speed. Perform Step a or b as applicable. 


a. If engine is to go to low speed upon loss of control air pressure 
signal to the governor, set the pneumatic low speed adjusting 
screw to just contact the stop pin in the restoring lever with the 
engine running at low speed. Shutdown nuts are usually omitted 
on governors which are arranged to go to low speed upon loss of 
control air pressure. If nuts are included but not used, lower nut 
should be a minimum of 1/32-in. above the speed setting piston 
rod with engine running at low speed. 

b. If engine is to shut down upon loss of control air pressure signal 
to the governor: 


e Lift up on the shutdown rod to take out any slack or lost mo- 
tion; do not lift the rod so far as to cause the engine speed to 
drop. While holding the rod up, position the lower shutdown 
nut 1/32-in. above the top of the speed setting servo piston rod 
and lock in position with upper nut. 

e Turn the piston stop setscrew down until it touches the speed 
setting piston, then turn the screw counterclockwise two turns 
and lock in position with nut. This adjustment limits the upper 
movement of the piston when the engine is shut down, and it 
minimizes the cranking required when the engine is restarted. 

e Adjust the pneumatic low speed adjusting screw so that it is 
.040-.050 in. below the stop pin in the restoring lever. Turn 
off control air pressure signal to the governor (engine will shut 
down). Adjust the adjusting screw so that it is from .002 to 
.005 in. below the stop pin in the restoring lever. 
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With control air pressure signal removed (engine does not go to 
shutdown with loss of control air pressure signal), turn the manual 
speed adjusting knob clockwise to increase engine speed to maxi- 
mum. Turn the high speed adjusting setscrew in until it touches the 
high speed stop pin (this adjustment stops the downward movement 
of the speed adjusting nut at high speed). 


Reverse Speed Setting Mechanism 


1. 


2. 


Set the manual speed adjusting knob to the minimum speed posi- 
tion (fully counterclockwise until clutch slips). 
Adjust the speed adjusting nut so that the speed setting assembly 
protrudes approximately 1/4-in. above the nut. 


. Adjust the high speed adjusting setscrew as required until screw is 


flush with the top of speed setting screw. 


. Adjust the limiting valve adjusting screw as required so that it does 


not unseat the maximum speed limiting valve as speed is in- 
creased. Apply minimum control air pressure signal to the gover- 
nor (pressure at which specified maximum engine speed is to be 
obtained). Be careful that engine does not exceed specified maxi- 


mum speed. 


. Turn the manual speed adjusting knob clockwise to increase en- 


gine speed to specified maximum. Turn the high speed adjusting 
setscrew in until it just touches the high speed stop pin. If screw is 
turned down too far, speed will decrease. 

If the specified maximum speed is not obtained with the manual 
speed adjusting knob fully clockwise, turn the knob approximately 
two turns counterclockwise, back out high speed stop adjusting 
nut counterclockwise until specified maximum speed is obtained. 
Turn high speed adjusting setscrew down until it touches the high 
speed stop pin (if the screw is turned down too far, speed will de- 
crease). Turning the speed adjusting knob fully clockwise should 
not increase speed beyond the specified maximum. 


. Slowly increase control air pressure signal until specified mini- 


mum speed is obtained. The pneumatic low speed adjusting screw 
should not touch the stop pin in the restoring lever and the piston 
Stop setscrew should not stop the speed setting piston as it moves 
up to decrease speed. 

If specified minimum speed is obtained before the control air pres- 
sure signal is increased to specified maximum, adjust the pivot 
bracket to move the ball bearing pivot toward the speed setting 
cylinder. 


10. 


11. 


12. 
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Adjust the adjustable pivot bracket as follows: Loosen the socket 
head screw in top of pivot bracket; loosen knurled nut on appropri- 
ate side of pivot bracket and turn opposite knurled nut to move the 
pivot bracket; tighten screw and knurled nuts. 


. Repeat Steps 4, 5, and 6 until specified minimum speed is ob- 


tained with maximum control air pressure signal and specified 
maximum speed is obtained with specified minimum control air 
pressure signal. Ensure engine speed begins to increase as the con- 
trol air pressure signal begins to decrease from maximum. 


. After setting speeds pneumatically, apply minimum control air 


pressure signal (governor will go to maximum speed setting). 
Turn manual speed adjusting knob counterclockwise until speci- 
fied minimum speed is obtained. Alternately turn speed adjusting 
nut 1/2 turn counterclockwise (increasing speed) and adjusting 
knob counterclockwise (decreasing speed) until adjusting knob is 
fully counterclockwise. Turn off control air supply (speed will rise 
slightly). Adjust speed adjusting nut to obtain specified minimum 
speed. If adjusting nut is turned fully counterclockwise without 
reaching the specified minimum speed, turn off control air supply 
(speed will rise slightly). Adjust speed adjusting nut to obtain spe- 
cified minimum speed. 


. With the engine operating at specified minimum speed, turn the 


piston stop set screw down until it just touches the top of the speed 
setting piston; then turn the screw two turns counterclockwise; 
lock in position with lock nut. This adjustment limits the upward 
movement of the piston when the engine is shut down, and it mini- 
mizes the cranking required when the engine is restarted. 

If shutdown nuts are used, lift up on the shutdown rod to take out 
any slack or lost motion; do not lift the rod so far as to cause the 
engine speed to drop. While holding the rod up, position the lower 
shutdown nut 1/32-in. above the top of the speed setting servo pis- 
ton rod and lock in position with upper nut. 

With the control air pressure signal turned off, turn the manual 
speed adjusting knob clockwise to increase engine speed to maxi- 
mum. Adjust the limiting valve adjusting screw so that it just con- 
tacts the ball in the maximum speed limiting valve. Increase en- 
gine speed slightly above the specified maximum; the maximum 
speed limiting valve should open prior to the engine reaching five 
rpm above maximum speed. Readjust screw as necessary. 

Turn the manual speed adjusting knob fully counterclockwise and 
apply maximum control air pressure to the governor. Adjust the 
pneumatic low speed adjusting screw to just contact the stop pin in 
the restoring lever with the engine running at low speed. 
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13. Turn the manual speed setting knob fully clockwise for normal 
pneumatic speed control operation. 


Malfunctions 


The source of most troubles in any governor stems from dirty oil. Grit 
and other impurities can be introduced into the governor with the oil, or 
from foam when the oil begins to break down (oxidize) or become 
sludgy. The moving parts within the governor are continually lubricated 
by the oil within the governor. Thus, grit and other impurities will cause 
excessive wear of valves, pistons, and plungers, and can cause these 
parts to stick and even “freeze” in their bores. 

In many instances erratic operation and poor readability can be cor- 
rected by flushing the unit with fuel oil or kerosene while cycling the 
governor. The use of commercial solvents is not recommended as they 
may damage seals or gaskets. 

If the speed variations of the governor are erratic but small, excessive 
backlash or a tight meshing of the gears driving the governor may be the 
cause. If the speed variation is erratic and large and cannot be corrected 
by adjustments, the governor should be repaired and/or replaced. 


Lubricant Quality 


The oil used in the governor should be clean and free of foreign parti- 
cles to obtain maximum performance from the governor. Under favor- 
able conditions, the oil may be used for six months or longer without 
changing. Change oil immediately when it starts to break down or 
darken. 

Disassembly 


Disassemble the governor following the sequence of index numbers 
assigned to Figures 10-3 and 10-4, giving special attention to the following. 
Circled index numbers do not require further disassembly unless replace- 
ment parts are required. 


1. Clean exterior surfaces of governor with clean cloth moistened with 
cleaning solvent. 

. Discard all gaskets, O-rings, seals, retaining rings, cotter pins, 
clips, etc., removed in the process of disassembly. 

. Do not remove press fit components unless replacement is required. 

. Disassemble power cylinder assembly as applicable. 

. Disassemble base assembly as applicable. 

. To remove accumulator springs and pistons from the power case, 
place the power case (260 Figure 10-4) in an arbor or drill press 
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Figure 10-3. Exploded view of column. 
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Injury may result if compressed 
aprings 247 and 248 are 
retea suddenly. Use the 
proper equipment to remove 
springs and epring covers. 


Figure 10-4. Exploded view of case. 
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with the bottom down. With a rod against the spring seat (246), com- 
press accumulator springs (247 and 248) to permit removal of upper 
retaining ring (245). Remove spring seat and springs (see Figure 10-5). 
Invert the power case and remove lower retaining ring and accumula- 
tor piston (24). 

. If necessary to remove check valve assemblies (250 and 251), pro- 
ceed as follows: 


a. To remove inner check valves (250), pry the retainer plate from 
the check valve assembly and remove springs and check balls. 

b. To remove outer check valves (251), press the check valves 
through and out of the valve case. 

c. Then tap all four check valve cases with !/4-28 in. tap. Using a 
1/4-28 in. bolt with a small plate as a jack, pull the four valve 
cases. 

d. Remove two balls from the lower case. 


SPRING 
SEAT 





Figure 10-5. Removal of spring seat and springs. 
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Cleaning 


1. Wash all parts ultrasonically or by agitation while immersed in 
cleaning solvent. 

2. Use a nonmetallic brush or jet of compressed air to clean slots, 
holes, or apertures. 

3. Dry all parts after cleaning with a jet of clean, dry compressed air. 


Inspection 


1. Visually inspect all parts for wear and damage. 

2. Inspect bearings in accordance with standard shop practice. Re- 
place bearings when there is any detectable roughness. 

3. All pistons, valves, plungers, rods, and gears should move freely 
without excessive play. Do not lap in parts if possible to free by 
other means. 

4. Mating surfaces must be free of nicks, burrs, cracks, or other dam- 
age. 

5. Inspect flyweight toes for wear. Replace flyweights if any detect- 
able wear or doubtful areas are found. 

6. It is recommended that speeder spring be replaced at time of over- 
haul if it is pitted or damaged in any way. 


Repair or Replacement 


1. Repair of small parts of the governor is impractical and should gen- 
erally be limited to removal of nicks and burrs from mating flanges 
and light burnishing of mating parts. 

2. Replace damaged thread inserts in accordance with standard shop 
practice. 

3. Polish slightly corroded areas with fine grit (600 grit) abrasive 
cloth, or paper and oil. 


Assembly 


Assemble governor assembly in reverse order of index numbers assigned 
to Figures 10-3 and 10-4, following the special instructions given here. 


Note: A dust-free area is recommended for assembly if acceptable results 
are to be obtained. 


During assembly ensure no lint or other foreign matter is present on the 
parts. The governor may be assembled dry or a small amount of clean 
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lubricating oil may be applied to the parts as they are assembled into the 
governor. When the governor is assembled, apply a liberal amount of 
clean lubricating oil over all moving parts to ensure initial lubrication. 
Apply a smal] amount of joint compound to pipe plug threads as plugs are 
installed. Ensure compound does not enter cavity. 

Obtain new gaskets, O-rings, seals, retaining rings, cotter pins, etc., to 
replace those discarded during disassembly. 


1. 
2. 


Press spring loaded check valve (250, Figure 10-4) into power case 
(260). Press plain check valve into power case. 

Install accumulator piston (249) and lower retaining ring (245) into 
power case. Place power case in an arbor or drill press with bottom 
down, (see Figure 10-5) install springs (247 and 248) and spring seat 
(246); compress springs, using a rod on spring seat, and install upper 
retaining ring. 


. Attach base assembly (207) to power case loosely, rotate drive shaft 


until splined and engages with splines in pump drive gear. Continue 
turning drive shaft to check for alignment and free rotation of the 
drive gear and idler gear while tightening base screws. 


. Attach power cylinder assembly (203) to power case in the proper 


plan and quadrant; ensure holes in gasket (204) are aligned with 
holes in power case. 


. When assembling the flyweight head pilot valve bushing assembly 


(238), align the missing tooth in the bushing with the corresponding 
missing tooth in the spring coupling assembly (229). 


. Install three piece thrust bearing (218) onto stem of pilot valve 


plunger (235)—bearing race with the larger hole must be against 
the flyweight toes. 


. When Items 216 through 238 have been assembled, center pilot 


valve plunger as follows (Figure 10-6): Apply a slight pressure to 
speeder spring seat (217), adjust pilot valve plunger nut (216) until 
flyweights (225) move from their extreme inward to their extreme 
outward position and there is the same amount of control land 
showing in the control port at such extreme. The control ports are 
the bottom holes in the pilot valve bushing. 


. When assembling speed setting mechanism, ensure retaining ring (30, 


Figure 10-3). is positioned with opening in line with set screw (33). 


. Assemble manual speed setting shaft assembly (43 through 47), 


tighten nut (43) approximately seven turns; insert roll pin (39) to 
protrude through shaft (43) approximately .090-in. 
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Figure 10-6. Centering pilot valve plunger. 


Chapter 11 


Maintenance of Electrical 
Motors and Associated 
Apparatus 


Electric Motor Maintenance* 





Electric motors, particularly those using alternating current, have be- 
come highly sophisticated devices that are now the workhorses of our in- 
dustrialized society. Induction motors serve by far the majority of petro- 
chemical process applications. Motors operating at or above 4,000 volts, 
or sized at 1,000 horsepower or more, are usually custom built for a spe- 
cific application. Figure 11-1 shows a representative distribution of elec- 
tric motors in North American plants by voltages and horsepower 
ranges, for total plant loads of (a) 5 megawatts and more, and (b) less 
than 5 megawatts. 


Types of Motors 


The choice of an induction motor versus a synchronous alternating or a 
direct current motor is often made on the basis of cost, but other consid- 
erations also play a role. For example, spare parts availability, repair ca- 
pabilities, and similar factors usually favor the induction motor. Syn- 
chronous motors offer “nonslip” performance and power factor 
adjustments by over- or under-exciting the field. 


* Reviewed by Delta Enterprises (Sarnia) Ltd., Sarnia, Ontario, Canada. 
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Figure 11-1. Distribution of electric motors by voltages and horsepower ranges.’ 


Usage of motor types, mainly driven by economic considerations, is as 
follows:! 


Type Size, HP 
AC induction motors Vg to 1,500 
AC synchronous motors 200 to 15,000 
DC motors Vg to 2,000 


Induction or squirrel cage motors have many standard design features 
such as oversized bearings, balanced rotors and a greater number of leads 
to give versatility in starting methods as well as various rotor designs to 
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match torque and efficiency to particular applications. The induction mo- 
tor is the most commonly used prime mover in the petrochemical process 
industry because it is simple, low cost, easily maintainable, efficient, and 
available in standard sizes. Recent developments in variable frequency 
controllers will further enhance the use of the squirrel cage motor where 
variable speed drives are required. 

The main components of a squirrel cage induction motor are the two 
bearings, the rotor, a stationary winding and a case. Figure 11-2 shows a 
sectional view of a typical three-phase squirrel cage motor. 


Types of Enclosures 


Motors in petrochemical plants work under a variety of adverse condi- 
tions, ranging from wet and corrosive environments to hazardous areas 
containing combustible liquids, vapors, gases, and dusts. Because of this 
wide range of environmental conditions, a number of different types of 
enclosures have been developed. The two basic types of motor enclosures 
are the open-type and the totally-enclosed type as shown in Figure 11-3. 


Open Motors. An open motor is one in which a free exchange of air is 
permitted between the surrounding atmosphere and the interior of the 
motor. Cooling air is drawn into the motor through ventilating openings 
at each end and exhausted through similar openings at the bottom of the 
motor. The air is circulated by means of fans formed on each end of the 





Figure 11-2. Sectional view of a typical squirrel cage (induction) motor. 
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Figure 11-3. Basic types of motor enclosures.” 


rotor assembly. Open motors may be either drip-proof, splashproof, or 
floodproof. Another type popular in the petrochemical industry is the 
weatherproof motor. Weatherproof I has one baffle before incoming air 
passes the windings. Weatherproof II has two baffles and filters in the 
incoming air flow. 


Totally-Enclosed Motors. A totally-enclosed motor is one in which there is 
no free exchange of air between the surrounding atmosphere and the inte- 
rior of the motor. The interior of the motor is completely covered by the 
stator frame and the end covers, but not sufficiently enclosed to be air- 
tight. Totally-enclosed motors may be either nonventilated or fan-cooled. 
Totally-enclosed nonventilated motors are cooled solely by heat radiation 
from the surface of the motor. Totally-enclosed fan-cooled motors are 
cooled both by radiation and by means of a shaft-driven fan mounted in a 
housing external to the main motor enclosure. The fan draws air into its 
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housing and directs it along the outer surface of the main enclosure be- 
tween cooling fins cast into the stator frame. In both the totally-enclosed 
nonventilated and totally-enclosed fan-cooled motor types, the radiation 
of heat is helped by fans formed on each end of the rotor assembly. These 
fans keep the air within the main motor enclosure circulating to improve 
the transfer of heat to the exterior. 

In addition to the two basic types of totally-enclosed motors, nonventi- 
lated and fan-cooled, other types of totally-enclosed motors are in use. 
These are explosion-proof, dust-explosion-proof and pipe-ventilated mo- 
tors. 

Explosion-Proof Motors are similar in appearance to standard totally- 
enclosed motors. They are, however, constructed with wide metal-to- 
metal joints having close clearances, nonsparking fans, and thicker en- 
closure material. This enables them to withstand an explosion inside the 
motor and also to prevent any sparks, flashes, or explosions generated 
within the enclosure from igniting the surrounding atmosphere. Explo- 
sion-proof motors must be used in all locations where hazardous gases or 
vapors surround the machine. Class II dust-explosion-proof motors are 
constructed similarly to Class I explosion-proof motors. The enclosure is 
designed to exclude ignitable amounts of dust and to prevent a dust explo- 
sion inside the motor. The metal-to-metal joints of the enclosure prevent 
any sparks or hot gases inside the motor from igniting exterior accumula- 
tions or atmospheric suspensions of dust on or near the motor. Dust-ex- 
plosion-proof motors must be used in all locations where hazardous dusts 
surround the machine. 

Pipe Ventilated Motors find a typical application on large process com- 
pressor trains. Their construction is similar to standard drip-proof mo- 
tors with the exception of openings that are provided at each end of the 
motor enclosure for the connection of cooling ducts or pipes. The cooling 
ducts enable cooling air to be drawn from a nonhazardous environment 
remote from the operating area of the motor. Air is circulated either by a 
fan on the motor shaft inside the enclosure or by a separate remotely lo- 
cated fan or blower connected to the ducting. 

This concludes our discussion of motor enclosures. In the following 
section we are going to discuss induction motor nameplate information 
and its significance. 


Motor Nameplate Data 


The nameplate is a motor’s I.D. card, and maintenance people should 
be familiar with what it wants to tell us. Here is a quick overview: 

Horsepower (HP) is the power the motor is capable of putting out con- 
tinuously. Continuously in this context means that at the correct operating 
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load and voltage specified, under standard ambient conditions, the motor 
will run indefinitely. 

Phase Data (Ph) indicate whether the motor is a single or polyphase 
machine. 

Hertz (Hz) is the frequency of the electrical source. In the United 
States and Canada this frequency is 60 Hz or cycles per second. 

Frame Size (Frame) is a number that defines the physical dimensions 
of the motor. It relates to a standard number defined by the National 
Electrical Manufacturers Association (NEMA)*. A motor of a particular 
manufacturer will interchange physically with a motor produced by any 
other manufacturer if they have the same frame number and suffix. The 
motors may differ in overall appearance, but all critical dimensions such 
as shaft size and shaft extension, mounting bolt hole locations, etc., will 
be the same. 

Most motors in the petrochemical process industry are of the “T- 
frame” type, i.e., the “T” letter suffix is shown together with the numer- 
ical frame designation on the nameplate. The T-frame motor was intro- 
duced as a NEMA standard in 1964. Until then the prevailing NEMA 
motor frame was the U-frame, which was introduced in 1953. 

The most important and apparent difference between the U-frame and 
the T-frame motor is that the T-frame allows more horsepower to be put 
into a smaller package. 

Voltage (Volts) is the voltage rating at the motor terminals. Usually sat- 
isfactory operation can be expected at a 10 percent variation from the 
indicated voltage. 

Full Load Current (Amps) is the current draw of the motor connected 
to the nameplate voltage, loaded at nameplate horsepower and running at 
nameplate speed. 

NEMA/CEMA Design Letter (Design) governs motor torque and slip 
characteristics. Design letters A through D (see box) determine these 
characteristics for various types of application. 

Letter Code (Code) applies to starting conditions in kilovolt/amps per 
horsepower (kVA/HP) when starting the motor on full voltage. Table 
11-1 shows NEMA locked rotor code letters and kVA/HP values. 

Service Factor (SF) indicates the ability of the motor to deliver more 
than the nameplate horsepower. To arrive at the increased rating, multi- 
ply the nameplate horsepower by the service factor. The same also ap- 
plies to the current. With the exception of 1-hp, 3,600 revolutions per 
minute (which have a service factor of 1.25), all standard NEMA general 
purpose drip-proof integral horsepower T-frame motors through 200 hp 
have a service factor of 1.15. T-frame motors above 200 hp, and totally 
enclosed T-frames have a service factor of 1.0. 

* CEMA in Canada 
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Table 11-1 
NEMA Locked Rotor Code* 
Letters and kVA/HP Values 


Code kVA/hp Code kVA/hp Code kVA/hp 
A 0.00-3.14 F 5.00-5.59 L 9.00-9.99 
B 3.15-3.54 G 5.60-6.29 M 10.00-11.19 
Cc 3.55-3.99 H 6.30-7.09 N 11.20-12.49 
D 4.00-4.49 J 7.10-7.99 P 12.50-13.99 
E 4.50-4.99 K 8.00-8.99 R 14.00-15.99 


” NEMA Standards MG 1-10.36 


Speed (Motor RPM) is the speed at which the motor rotor shaft will 
rotate when loaded with the nameplate horsepower. For induction mo- 
tors, “slip” means the difference between synchronous speed—the speed 
of the revolving magnetic field—and operating speed. Percentage slip 
can be calculated by subtracting the operating speed from the synchro- 
nous speed, dividing the difference by the synchronous speed, and then 
multiplying the result by 100. 


Motor Receiving, Handling and Storage 


After an electric motor shipment has arrived at the plant site, it should 
be carefully examined. Any damage to either packaging or contents 
should be recorded and reported to the carrier and to the motor manufac- 
turer or repair shop. This receiving inspection should include examina- 
tion of any items that may have been shipped separately from the main 
assembly. The owner or his contractor should proceed with either instal- 
lation or proper storage as fast as possible. This really means that if the 
motor is not to be installed immediately, it should be stored in a clean, 
dry place at a temperature not less than 60°F or 15°C in its original pack- 


aging. 


Handling. Lifting positions for packaged machines are usually marked on 
the shipping boxes or skids. Consult the approved outline drawings for 
lifting instructions, center of gravity, and lift points. Consider the use of 
spreaders to avoid damaging any machine parts. The handling of compo- 
nents shipped separately from the main assembly may require the use of 
steadying slings, since the components cannot always be lifted at their 
exact center of gravity. Avoid slinging on or around polished surfaces 
such as bearing journals or electrical parts. Always move complete ma- 
chines or major components with all assembly bolts in place and secured. 
Packed or unpacked, move the machine in its “as shipped” position, in- 


502 Major Process Equipment Maintenance and Repair 


cluding the shaft clamp, when one is supplied. Machines with oil-lubri- 
cated bearings are usually shipped without oil. 


Storage. Outdoor storage of electric motors without special precautions is 
not recommended because variations in temperature and humidity can 
cause condensation, producing rust upon unprotected metal parts and a 
deterioration of the electrical insulation. The following remarks, there- 
fore, cover the minimum acceptable storage arrangements in an unheated 
but protected environment. It would be preferable to use a heated facility 
in Northern climates, which generally would simplify meeting these con- 
ditions. However, when outdoor storage cannot be avoided, the reader 
should refer to our section on machinery storage and “mothballing,” 
Chapter 12. 


Storage Facility Requirements. The storage facility for electric motors 
must provide protection from contact with rain, hail, snow, blowing sand 
or dirt, accumulations of ground water, corrosive fumes, and infestation 
by vermin or insects. There should be no continuous nor severe intermit- 
tent floor vibrations. There should be adequate power service for illumi- 
nation and for space heaters. There should be fire detection facilities and 
a fire fighting plan. The machines must not be stored where they are lia- 
ble to accidental damage, or exposed to weld spatter, exhaust fumes or 
dirt and stones kicked up by passing vehicles. If necessary, suitable 
guards or separating walls should be erected to provide adequate protec- 
tion. Avoid storage in an atmosphere containing corrosive gases, particu- 
larly chlorine, sulphur dioxide and nitrous oxides. 


Temperature Control. Whenever the motor temperature is equal to or be- 
low room temperature, and relative humidity is above 60 percent, water 
vapor can condense on and within the machine to promote rapid deterio- 
ration. In order to prevent condensation, the machine’s space heaters— 
see nameplate for voltage rating—must be energized. The goal here is to 
keep the machine temperature above room temperature by at least five 
degrees F or three degrees C. However, during periods of extreme cold 
or rapid temperature drops, the space heaters may not be adequate to 
maintain this temperature differential, and supplementary space heating 
may be required. It would of course make sense to provide supplemen- 
tary space heating if the motor is not equipped with space heaters. A note 
of caution: If a motor is boxed or covered in any way while space heaters 
are energized, there should be thermostatic control and sufficient surveil- 
lance to quickly detect an over-temperature condition. Ensure that tem- 
porary packaging does not come into contact with the space heaters. 
When electrical windings are sound and their insulation resistance is 
well above the formula minimum discussed earlier, low temperature is 
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not a problem. However, if the insulation resistance drops, windings can 
be permanently damaged by freezing. Therefore, the machine tempera- 
ture should be kept above the freezing point. 


Storage Record. It is recommended that a storage record be kept regard- 
less of the extent of the storage period. The following information should 
be recorded: 


N= 


INANE & 


. Location and description of the storage facility. 
. Identification of the stored motor, including serial and model num- 


bers. 

Date and condition of the motor when first placed in storage. 
Date and results of in-storage inspections and tests. 

Date and description of storage maintenance operations. 
Machine and room temperature, and relative humidity records. 
Date and condition of the machine when taken out of storage. 


Preparation For Storage 


One large motor manufacturer recommends the following procedure’: 


1. 


Remove the shipping box or crate and the polyethylene shroud, 
but leave the machine mounted on its skid. 

Unnecessary shipping timbers, boxes and crates are a fire hazard 
and a source of moisture. 


. Ensure that all exposed machined surfaces—such as shaft exten- 


sions and mounting feet—have rust preventives in place. 


. Ensure that there is a moisture barrier between the machined feet 


and the skid timbers. 


. Ensure that protective covers, gaskets, caps, and blind flanges are 


in place and secured. 


. Land the skidded machine on firm supports in its normal mount- 


ing position. Vertical machines must have their vertical axis plumb 
within one degree or 1.75 in. per 100 in. of motor diameter. 


. For machines supplied with water coolers, it is desirable to drain 


or pump out any water in the coolers and fill them 90 percent full 
with a proper mixture of antifreeze. 

If there is any chance of freezing temperatures, ensure that the 
flanges have a protective coating and are covered with gasketed 
blind flanges. Remove the drain plug from the leak detector hous- 
ing. 


. For machines with collector rings and brushes, ensure that there is 


a strip of protective film—such as Mylar—between the brushes 
and the rings. 
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Provide an overhead cover of polyethylene to protect against set- 
tling dust, dirt or debris, but ensure that there is adequate clear- 
ance for good ventilation around the machine. 


. Provide sufficient access around each machine in storage to carry 


out all the specified tests and inspections. 
For long term storage of electrical machines with oil-lubricated 
bearings, it may be desirable to consider removal of the rotor, if it 
was not shipped separately. 

In this case, the manufacturer should be contacted for further 
instructions. 


Protective Coatings, Separators, Cleaners, and Solvents. 


Select a suitable protective coating for machined surfaces. 

a. Before applying, remove all rust with fine emery papers and pol- 
ish with crocus cloth. A wire brush should be used on threads. 

b. While wearing rubber gloves, swab with Varsol or an equivalent 
cleaning agent. Apply a finger-print suppressor. Remove any ex- 
cess suppressor with a clean dry cloth, taking care not to touch 
the machined surfaces with bare hands. 

c. Apply an even, heavy layer of the protective coating and allow to 
dry for at least four hours. 

d. Check with a deposit-measuring gauge to assure the coating is at 
least .003 in. or .08 mm thick. Alternatively, visual inspection 
should show a uniform dark brown color. 

e. If the protected surface is to be in contact with a wooden surface, 
apply two layers of a moisture barrier between them. 

If fire insurance and other ordinances require fire proofing of tim- 

bers, ensure that the materials used do not give off corrosive fumes. 

Use a suitable moisture barrier. 

For a cleaning agent use Varsol or an equivalent petroleum solvent. 


Periodic Tests and Inspections of Stored Motors. The objective of tests and 
inspections is to reveal deterioration or failure of protective systems such 
as shelter, coatings and temperature control or of the machine itself. Any 
deterioration or failures discovered must be corrected without delay. The 
storage area should be inspected to the criteria described earlier. The 
stored machine should be inspected for: 


1. 
2. 
3. 
4, 


Physical damage. 

Cleanliness. 

Signs of condensation. 
Integrity of protective coatings. 


Com ON 


10. 
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. Condition of paint, i.e., discoloration. 

. Signs of vermin or insect activity. 

. Integrity of all closures. 

. Satisfactory space heater operation. It is recommended that an 


alarm system be in place to annunciate space heater power inter- 
ruption. Alarms should be responded to immediately. 


. Measure and record the ambient temperature and relative humid- 


ity adjacent to the machine, the winding temperatures—by its re- 
sistance temperature detectors (RTD’s), if supplied, with space 
heaters on—and the insulation resistance described as follows. All 
readings should be recorded. 

Turn motor shafts once in three months in the case of long dura- 
tion storage. 


Winding Insulation Resistance Measurement 


These steps are recommended: 


1. 


Use a 500 volt insulation-resistance meter and apply for one min- 
ute. Record this reading and correct it to a 40°C basis using the 
graph on Figure 11-4. If this corrected value is less than rated kilo- 
volt plus one megohms, check first for possible causes of erroneous 
reading. Consult Reference 4 for further details. If surge ca- 
pacitors are connected to the power leads, disconnect their ground 
cables and take resistance readings again. If the winding insulation 
resistance is still unsatisfactory, contact the manufacturer. 


. Treat the rotor windings of wound-rotor motors in the same way as 


the stator windings, but note that their rated voltage is the value 
given for open-circuit secondary voltage. 


. On windings rated 2,300 volts and above and when the insulation 


resistance is not significantly higher than the formula minimum, a 
polarization index test is a good indication of the winding condition. 
Apply the insulation-resistance meter—500 or 1000 volts—for ten 
minutes, recording the readings at one minute and at ten minutes. 
For a sound winding, the ratio of the ten minute value to the one 
minute value should be greater than two. 


Motor Installation 


Location. An electric motor should be installed in a location consistent 
with the type of protection that is indicated by the motor enclosure. Care 
should be taken to allow enough space around the motor to permit the 
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Figure 11-4. Motor winding insulation resistance temperature correction. From Reference 
3. 
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free flow of ventilating air. If dust, moisture and splashing liquids can be 
avoided in areas where open motors are installed, reduced motor mainte- 
nance and increased life will be achieved. Further, electric machinery 
should never be placed in a room with a hazardous process, or where 
flammable gases or combustible material may be present unless it is spe- 
cifically designed for this type of service. 


Bases. All bases, except those meant to be “self-supporting” are usually 
designed to act only as a spacer between the foundation and the machine 
and must not be trusted to carry any weight when they are unevenly sup- 
ported. Care should be taken during handling and lifting to prevent warp- 
ing or distortion of the base. 


Mounting. Motors should be mounted on machined sole plates or pads on 
fabricated bases or skids. These in turn should be bolted to a firm foun- 
dation and grouted according to guidelines described in our section on 
grouting procedures. Sole or bed plates, bases, skids, or platforms must 
be rigid enough to prevent any vibrations of the unit and also prevent 
transfer of vibrations from other sources. These structures must not im- 
pose bending or twisting strains on the housing. When mounting, we rec- 
ommend the use of slotted shims as it may be necessary to remove or add 
shims during the alignment procedure. The use of proper shims under 
each mounting foot will prevent distortion of the housing when the 
mounting bolts are tightened. The following procedure is recommended 
when mounting a motor: 


1. Add shims under the lowest mounting foot and tighten mounting 
foot bolt. 

2. Insert feeler gauge under the other mounting feet to determine the 
amount of shims required. 

3. Insert required shim under each mounting foot and tighten mount- 
ing bolt. 

4. Use the smallest number of shims possible. 

5. Measure the alignment between motor and driven machine shaft us- 
ing the procedures described in Chapter 5, Volume 3 of this series. 


Pre-Installation Checks. The following precautionary steps should be 
taken before finishing an electric motor installation: 


1. If dampness in a standard insulated motor is suspected as the result 
of shipment and/or storage conditions, the insulation resistance of 
the windings should be measured as mentioned earlier. The value of 
the insulation resistance should not be less than shown in Table 
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Table 11-2 
Insulation Resistance Values for Electric Motors 


INSULATION RESISTANCE 


Rated Voltage Insulation Resistance 
600 volts and below 1, megohm 
2300 volts 2 megohms 
4000 volts 3 megohms 


11-2. If the insulation resistance is lower than shown, the windings 
should be dried out by heating in a well-ventilated area. 

2. Check that the motor shaft turns freely by hand. Motor antifriction 
bearings are usually greased at the factory and need no attention 
prior to operation. Sleeve bearing equipped motors are usually 
shipped with their oil wells drained. Before filling with oil, it is 
advisable to flush the bearing thoroughly with a suitable flushing 
material in order to remove any foreign matter. Turning the motor 
shaft by hand should be repeated after the motor is coupled to the 
load to make sure the entire drive train is mechanically free before 
applying power. 

3. Check that the voltage and frequency stamped on the motor and 
control nameplates correspond with those of the power supply. 

4. Totally enclosed motors for nonhazardous locations are equipped 
with plugged vent holes. To achieve self-venting of these motors 
when they are operated under severe moisture conditions, the plugs 
should be removed. 

5. Standard practice dictates that the conduit box be located on the 
right hand side of the motor when viewed from the opposite-to- 
drive end. The conduit box may be generally changed to the oppo- 
site side by removing the end shields and rotor and turning the sta- 
tor frame around. Relocating the position of the secondary leads on 
wound-rotor motors may require drilling and threading of the end 
shields at the desired point. 


Pre-Operational and Operational Checks. Before coupling up to the driven 
machine it would be advisable to start up the motor for a “solo” run. The 
following checks should be performed prior to start-up: 


1. Motor and control wiring, overload protection and grounding 
should be in accordance with national electrical codes and local re- 
quirements. 
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2. In excessive moisture conditions the conduit system must be pro- 
vided with adequate drains so that water will not accumulate in the 
motor conduit box. 

3. On wound-rotor motors, the brushes should be positioned on the 
slip rings before starting. 

4. Motors with more than three leads should be connected in accor- 
dance with the diagram furnished with the motor. 

5. Direction of rotation should be checked immediately after start-up. 
To reverse the rotation of three-phase motors, interchange any two 
line leads. Note that some large high speed motors are designed for 
rotation in one direction only, which is indicated by an arrow on the 
directional nameplate. 

6. Check location of magnetic center and verify the manufacturer’s 
magnetic center pointer location on sleeve-bearing motors during 
“solo” run. 


Connecting the Motor to Its Load. There are several variations of motor to 
load connections. Direct connection by way of a flexible coupling should 
always be considered, but in a large number of applications, belt and 
chain drives, for instance have to be used. Flexible couplings are pre- 
ferred because they allow for a slight amount of misalignment between 
the motor and the driven machine and prevent transmission of thrust to 
the motor bearings in many cases. Belt, chain and certain gear drives 
must be carefully selected and installed to ensure that motor bearing 
loads are within their design capacities. 


Coupling Sleeve Bearing Motors. Motor sleeve bearings are in most cases 
not designed to carry axial thrust loads. If the driven machine exerts 
thrust it must be equipped with its own thrust bearings. Motor sleeve 
bearings have a specified end play as indicated in Table 11-3. During op- 


Table 11-3 
Electric Motor Rotor End Float and Coupling End Float’ 

Minimum Maximum 

Rotor Coupling 

Motor Synchronous End Float End Float 

Horsepower Speed inches Inches 

125-200 3600 and 3000 Ya 3/32 
250-450 1800 and below V4 3/32 
250-450 3600 and 3000 V2 a6 
500 and above all speeds Y2 3h6 


° NEMA MGI-6.11 
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eration the motor rotor will seek its magnetic center which will fall be- 
tween the end play limits established in the manufacture of the motor. 
Additionally, the magnetic center and the limits of end play are scribed 
on the shaft at the factory. 

In order to prevent thrust from being transmitted to the bearings, a lim- 
ited end float coupling should be used. The limited end float coupling is 
designed to have less end play than the total end play of the motor. Thrust 
that tends to separate the coupling is restrained by lips or coupling shoul- 
ders. Thrust that tends to push the coupling together is restrained by but- 
tons on the shaft ends or by Micarta discs in the gap between shaft ends. 
The difference between the motor end play and the limited end float of 
the coupling represents the allowable tolerance in setting the motor. A 
motor built with 1/2 in. end play requires that the end float be limited to 
3/16 in. Medium size motors having 1/4 in. nominal end play require that 
free floating type couplings have their end play limited to 3/32 in. Small 
motors having 1/4 in. end play or less seldom require limited end float 
couplings. 

Gear type as well as disc type couplings find their application when 
limited end float couplings are required. The assumptions are that both 
type of couplings exert a minimum of thrust and can be used on applica- 
tions of any rating and end play. However, there has been sufficient evi- 
dence supplied* that gear couplings—when worn and poorly main- 
tained—can exert considerable amounts of thrust onto driver or driven 
equipment. When limited end float couplings are being installed, it is im- 
portant to understand Figure 11-5. It tells us that the motor should be 
located so its shaft is in the center of rotor float. This means that dimen- 
sion “Y” should equal dimension “Z.” 





2X = COUPLING FLOAT 
Y + Z = MOTOR END PLAY 


Figure 11-5. Determination of end play on limited end float couplings. 
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When installing the coupling, sufficient clearance, as specified by the 
coupling manufacturer, must be provided between shaft ends on the hubs 
of the flexible coupling. This is to allow for adequate thermal expansion 
of the shafts. 


Electric Motor Shop Repair. It should be obvious now that electric motor 
problems appear in two forms: mechanical rotor bearing difficulties and 
electric winding and supply-system problems. A recent review of motor 
repairs by severity and kind in a petrochemical plant showed that 80 per- 
cent of those motors had bearing problems. Consequently, one should al- 
ways pay a good deal of attention to the mechanical aspects of the motor 
repair business. Fortunately, electric motors are unique in that they are 
capable of being repaired much more economically than most other 
prime movers. Also, the chances of restoring the original quality during 
a motor repair are excellent—in fact, there are many examples of suc- 
cessful motor upgrading and uprating projects. Electric motor repairs are 
frequently limited only by the quality and experience of the persons in 
charge. 

In our experience common motor problems have been caused by me- 
chanical difficulties such as coupling misalignment, lubrication prob- 
lems—under or overgreasing, excessive shaft-loading from a belt or 
chain drive, snow and ice, or dirt in the windings. All these cases have 
never been able to present a major challenge to a capable motor repair 
shop. 

When it comes to the selection of a motor repair shop we should apply 
the same criteria put forth in an earlier section in Volume 3. Most petro- 
chemical process plants will have their motor repair specification rang- 
ing from the simple one page motor repair report form—Appendix 
11A—to an elaborate document for large critical motors. Usually the 
EASA* standards for the electrical apparatus sales and service indus- 
try—Appendix 11B—will have been consulted or made part of the docu- 
ment. If petrochemical companies now and then embark on rewriting 
their standards for smaller motors—1 to, say 250 HP range—it is be- 
cause motor shop quality problems are quite frequent. 

Usually one-to-one communication between the machinery mainte- 
nance person and the motor repair shop manager will yield the best re- 
sults. It goes without saying that adequate documentation should exist in 
these quality control cases so both parties can look at the facts. 

A capable electric apparatus repair and service shop will take on a va- 
riety of petrochemical process work. Figures 11-6, 11-7 and 11-8 show 
an appropriate cross section of electrical motor shop repair activity in 
progress. 


* Electrical! Apparatus Service Association 
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Figure 11-6. Large motor repair floor in an electrical apparatus repair and service shop. 


Motor Preventive Maintenance 


Any electric motor PM program should be designed with these four 
elements in mind: 


® Inspection and test 

e Lubrication and impregnation 
@ Cleaning 

© Protection and safety measures 


The four element approach contains the following steps: 


1. Inspection. We need to determine what is to be inspected, the equip- 
ment has to be examined, visible defects have to be identified, and 
we have to make sure that minor adjustments are made and major 
defects are being reported. General motor inspection should be di- 
rected toward these components: 
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Figure 11-7. Rewinding synchronous motor stator. 


a. Air passages. 


© Inspect rotor and stator air passages for obstructions on explo- 
sion-proof motors and totally enclosed fan cooled motors. 

e Air filters on weather-protected (WP II) motors. 

® Inertia filters, filter media and remote fans on pipe ventilated 
motors. 


b. Bearings. 


© Inspect for overgreasing or undergreasing. 

® Inspect for dirt and foreign matter in bearing housings. 

® Check periodically for proper alignment to avoid bearing over- 
loads. 
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Figure 11-8. 1500 horsepower, 1800 rpm, 4160 volt TEFC induction motor ready to have 
bearings rebuilt and rotor balanced. 


c. Motor windings. 
® Xeep them cool. 
© Keep them clean. 
@ Inspect stator winding air gaps. 


d. Squirrel cage rotors. 


@ Inspect for heat checked end rings. 
@ Inspect for fractured rotor bars. 


e. Winding insulation values. 
f. Vibration monitoring. 


@ Set limits for small motors as a function of speed. 
@ Set limits for large motors (see Volume 2 of this series). 
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2. Lubrication. Lubrication practices on antifriction bearing motors 
vary widely. We should determine proper lubricants, quantities, and 
equipment. After establishing a lubrication schedule, it has to be 
implemented. Refer to Chapter 12 for details. 

3. Cleaning. We need to determine cleaning standards and require- 
ments, establish a cleaning schedule and implement it. 

4. Protection and Safety. Safety requirements have to be established, 
safety equipment installed, and its effectiveness monitored. 


The task that follows now is the building of appropriate check lists for 
each PM element. It should contain the following information: 


. Motor name and “yard” number. 

Location. 

. Frequency designation of PM activity. 

Operation sequence number. 

A simple description of the PM operation using verbs at the begin- 
ning of a sentence. 

Required tools and/or special equipment and instruments. 

. Required replacement parts. 

. Required time to perform PM activity. 

. Space for the inspector’s comments or any other special comments. 


WR WN 


OOOH 


After the various electric motor PM checklists have been developed, 
thought should be given to the implementation of the program. Two main 
considerations will help in the implementation of the motor PM program. 
They are motor criticality and the cost of the program. 

To determine whether an electrical motor is critical, one has to look at 
the cost implications of a failure. For instance, the breakdown of an un- 
spared 4,000 horsepower ethylene refrigeration compressor drive motor 
would have a different financial impact than a small motor driving a fully 
spared water pump in a batch type cleaning operation. As to the case of 
the 4,000 HP pipe-ventilated induction motor, there would be no question 
as to whether a PM program should be considered. Frequently, cleaning 
and inspection of this critical motor becomes an integral part of the pro- 
cess plant’s turnaround preparations. Figure 11-9 illustrates the elaborate 
fixture necessary to accomplish the task on site in an economical way. 

However, there are a multitude of cases where a decision to do or not 
to do PM on motors does not appear that straightforward. Questions that 
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Figure 11-9. Field removal of rotor for winding cleaning and inspection of a large pipe venti- 
lated induction motor. 


should be answered during the development of the implementation sched- 
ule for an electric motor PM program are: 


How critical is the motor? 

What will operation downtime cost? 

Is similar or alternate equipment available? 

Are spare motors available or easy to obtain? 

Are major spare parts such as winding coils and bearings available? 
What is the motor failure experience? 

What is its age? 

What is the motor operating severity? 


SN ARAWN 


In conclusion, it is necessary to determine the benefits and costs of an 
electrical motor PM program. Only after its cost factors have been com- 
pared to current maintenance practices and other related downtime costs 
can it be determined if a motor PM program will truly support itself. 


Preventive Maintenance of Nonrotating Electrical Apparatus 
Power transformers and electrical switch gear are another link in the 


chain that ends in a reliable motor-driven process machine. As on other 
occasions, we are defining preventive maintenance in this context as the 
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planned periodic testing, cleaning, adjusting, and lubricating of each 
component. 

A preventive maintenance program of nonrotating electrical apparatus 
should above all be done by experienced personnel. Quite often such a 
program can be truly predictive because it allows detection of incipient 
failures. Consequently, action can be taken before serious and extensive 
damage will occur. It is essential for a successful preventive maintenance 
program that accurate records be kept of all work performed. The rec- 
ords must also show a forecast of future work. 


Power Transformers. Transformers generally require less care and atten- 
tion than most other kinds of electrical power apparatus. Often they are 
the most vital link in an electrical distribution system. 

Oil preservation is the most important aspect of transformer mainte- 
nance. It requires an understanding of oil deterioration and how it can be 
prevented. 

The main factors determining the chemical action in transformer oils 
are: 


e The moisture concentration 
e The oxygen concentration 
e The presence of copper 

© Temperature 


Each of these factors contributes to oil deterioration. The result is a 
large number of possible chemical products which can affect the oil. One 
of the products is acid, which can attack the insulation and metals of the 
transformer and reduce the dielectric strength of the insulation. Other 
products are sludges which impede the transformer cooling. 

As a consequence the oil has to be cleaned or replaced. Selection of 
proper limits at which oil should be filtered or replaced is partly a matter 
of judgment and experience. Oil preservation depends primarily on keep- 
ing oxygen and moisture away from the oil. This fact in turn requires that 
the case and the openings in the case be made pressure tight. 

The following are oil defect limits: 


1. The dielectric strength of transformer oil should not be allowed to 
fall below 22,000 volts. 

2. The moisture content should not be higher than 20 parts per mil- 
lion. 

3. New transformer oil has usually an acid No. of .040. If the acidity 
rises to an acid No. of .10, the transformer oil should be replaced or 
purified via vacuum dehydration (see Volumes 1 and 2 of this se- 
ries). 
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4. Transformer oil samples should be taken at least every two years. 
The samples may be taken from the sampling valves at the bottom 
of the transformer tank. Drain off and discard at least two quarts of 
oil before saving a test specimen. Water and condensate in oil will 
collect in the bottom of tanks and in drain lines and will drain off 
with the initial oil withdrawn from the tank. 


Power transformers above 1,000 kVA are provided with a dial type 
thermometer calibrated in degrees centrigrade. This thermometer is used 
to indicate both top oil temperature and winding temperature. The dial 
has two pointers—the white indicates the temperature at any given mo- 
ment—the red pointer is carried along by the white to show the maximum 
temperature reached since it was last reset. Name plates on power trans- 
formers will indicate the maximum allowable temperature rise above am- 
bient. The thermometer may be equipped with up to three switches which 
may be used for alarms or other protective devices. 

The temperature of main substation transformers should be checked at 
least once a month. A visual check of the tanks for rust spots and discol- 
oration should be made at the same time. 

Usually the tanks have level gauges. These gauges are calibrated to in- 
dicate the level of oil in the main tank. On ratings above 7,500 kVA, a 
low level alarm contact is provided. The oil level should be checked at 
least once a month. 

Large power transformers are usually supplied with a fault pressure 
relay. It is also referred to as a gas detector relay and is used to give an 
indication of faults of a major nature resulting in a sudden increase in 
internal pressure. It consists basically of a bellows which operates a mi- 
croswitch. The contacts of the microswitch are used to operate circuit 
breakers. The fault pressure relay can be tested by applying a small 
amount of air pressure through the test check valve. Preferably, this test 
should be done when the transformer is not in service. It can be done 
under load by opening the tripping circuits to the circuit breakers in- 
volved. 

On a transformer with a gas-oil seal, a two-compartment expansion 
tank provides an oil seal between the gas above the oil in the transformer 
tank and the outside air. The transformers are filled to the correct level at 
25°C, sealed and shipped with all accessories in place. If the temperature 
rises above 25°C, a positive pressure will be indicated. If the tempera- 
ture falls below 25°C, the pressure gauge will indicate a vacuum. 

The pressure-vacuum gauge on this type of transformer should be 
checked regularly. If it is approximately zero at different liquid tempera- 
tures, a leak is indicated. All gaskets, radiators, and tanks should be thor- 
oughly checked for leaks. 
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Power transformers are frequently provided with external cooling fans 
to give additional load capacity above the natural circulation cooling sys- 
tem. The cooling fans are operated by thermostatic control. To check 
their operation a manual test position bypasses the thermostatic control. 


Dry-Type Transformers. This type of transformer is not generally used as 
a main power transformer, but mainly for lighting service, distribution 
centers and control power. Because its case must have openings to allow 
for air circulation, the windings are subject to dust infiltration over a pe- 
riod of time, reducing the cooling air through the windings. 

An inspection period of every two years is recommended at which time 
the windings should be cleaned and checked for loose connections. 


High Voltage Insulators. The buildup of foreign materials on high voltage 
insulators will lead eventually to flashovers. A flashover will generally 
result in the loss of an incoming line because of its similarity to a ground 
fault. The rate at which buildup will occur will depend upon the follow- 
ing environmental conditions. 


© High humidity 

© Corrosive gases 

© Salt laden atmosphere 
© Heavy dust 


Under normal operating conditions, it is not usually possible or practi- 
cal to check the insulation value of a high voltage insulator unless the 
complete structure is deenergized. However, a visual inspection is suffi- 
cient to detect contamination buildup. 

Experience has shown that in areas where there is a lot of contamina- 
tion in the atmosphere, insulators should be washed once a year. This 
period may be extended to two years if the contamination is not too se- 
vere. Special equipment is required to wash insulators while maintaining 
a plant in operation. Utilities are usually well equipped to do this work. 
For the short time required to do this work, engaging the local utilities 
has proved to be the most economical method of accomplishing this 
work. 


Power Circuit Breakers. A circuit breaker must be kept in good condition 
if the expected performance is to be obtained. It has only one chance to 
operate each time a fault occurs and if it fails to trip, serious damage may 
result. The more common types of circuit breakers are oil circuit break- 
ers and air circuit breakers. 
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The frequency at which oil circuit breakers must be inspected depends 
upon the severity of the service. The following outline may be used as a 
guide. 

The breaker should be taken out of service and the following work car- 
ried out: 


© Inspection of oil—carbonization of the oil is caused by arcing. The 
same limits as for transformer oil should be used. 

© Inspection of contacts—if the contacts are burnt or badly pitted, they 
must be replaced. 

© Inspection of spring pressure on contacts—evidence of uneven burn- 
ing or pitting may be due to uneven contact pressure. If so, contact 
pressure should be checked. 

© Inspection of tank for bulging or rust—if the tank is bulged due to 
excessive pressure, it should be replaced or a spare breaker used. 

© Inspection for broken insulators—replace if necessary. 

e Alignment of limit switches and control contacts—realign as re- 
quired. 

© Test closing and tripping of the breaker in the test position. 


The maintenance of air circuit breakers is similar to oil circuit break- 
ers. In an oil circuit breaker, the arc is broken under oil. In an air circuit 
breaker, the arc is extinguished by the elongation of the arc through arc 
chutes. In some breakers the arc chutes are augmented by blow out coils. 

The frequency at which air circuit breakers must be maintained again 
depends upon the number of operations per year. The following outline 
may be used as a guide. 


© Inspection of main contacts—replace if burnt or badly pitted. 

© Inspection of arcing horns—remove spatter from insulation material. 

© Inspection of arc chutes and phase barriers—replace if cracked or 
broken. 

e Alignment of limit switch and control contacts as required. 

e Test for closing and opening in Test Position (or with main fuses re- 
moved). 


Relay Protection. Speed and selectivity are two demands placed on pro- 
tective relaying. Speed in disconnecting the faulty portion from the over- 
all system and selectivity in that the disturbance to the remainder of the 
system is held to a minimum. 

There are many different types of relays used in a petrochemical plant. 
It is, therefore, important that the manufacturer’s literature be consulted 
before any adjustments are made. Each relay in service is calibrated for a 
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specific operating current and operating time. Both functions must fit 
into the overall coordination plan of the distribution system. 

When a relay receives a signal to operate, the response must go 
through a number of components before reaching the trip coil on a circuit 
breaker. Each component must be functional at the time the relay re- 
ceives the signal to trip. Normally, a relay is not required to operate fre- 
quently. There are long periods of inactivity which permit the accumula- 
tion of dust and in some instances, rust. These factors will greatly 
decrease the effectiveness of a relay. 

In most installations, relays can be removed from their cases without 
interruption of service. When this is possible, it is recommended that a 
relay be checked and calibrated at least every three years. The following 
brief description highlights the maintenance of an induction type overcur- 
rent relay. 


© Remove relay from case. 

© Manually check the rotating disc for dust, freedom to rotate and iron 
filings between the disc and the magnets. 

© Note the current tap and time dial setting. 

e From the manufacturer’s literature, determine the tripping time at 
twice and four times the current tap and time dial setting. 

© Using alternating current, check the “as found” tripping time against 
the manufacturer’s curves. 

e Minor adjustments may be made by changing the position of the 
magnets or by changing the time dial setting. In most cases the relays 
will be slow due to the accumulation of foreign matter. 


Literature supplied by the manufacturer will indicate the internal con- 
nections, i.e., current coils, voltage coils, contact terminations. These 
diagrams should be used in order to avoid damage to the relay. 

Because of the number of components in a tripping and closing circuit, 
it is important that the circuits be proven from the relay and control 
switch contacts. Tripping checks can be performed by manually rotating 
the disc on the relay until the tripping contacts close to open the breaker. 
To prove the closing circuit, the control switch is turned to the “close” 
position and released. 

It goes without saying that operational checks should be done during 
turnarounds or at times when service to the operating units can be inter- 
rupted. 

Finally, once preventive maintenance frequencies have been estab- 
lished it is a good idea to communicate them to the interested parties. 
Table 11-4 shows a typical example of this communication effort. 


Table 11-4 
Possible Preventive Maintenance Schedule for Electrical 
Apparatus In a Petrochemical Process Plant 


PM Frequency 





Electrical 
Apparatus 






Preventive Maintenance 













Check Voltage .........-....000. 
Check Voltage Alarm ............ 
Specific Gravity and Plates ........ 


Standby Generators—run up ...... 
Complete Transfer ............... 


Battery Systems 
















Emergency 
Transfer 
Schemes 
Main Circuit 
Breakers 
Main Substation 
Transformers 





















Operational Check ............... 
Oil Inspection ..........00e000eee 


Temperature & Load Check ....... 
Oil Inspection ........00. sees eee 


BearingS ..........0 eee ee eeeeees 












Cleaned and Checked for Calibration 
Kilowatt-hour Meters ............ 
Incoming Lines—Dirty Atmos ..... 
Incoming Lines—Clean Areas ..... 


Ground Indicators ............... 
Housekeeping .............+.+++- 
Temperature & Load Check ....... 
Oil Inspection—Transformers ...... 


* Refer to Chapter 12 for detaiis. 













Protection 











Substation 
High Voltage 
Unit Substations 









cs 
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Appendix 11-A 


Electrical Machines 
Maintenance Report 


ELECTRICAL MACHINES MAI ANCE REPORT 
(Maintenanca Dept.) 



























































Make Type ORCC (V) 
M.No Ws Sarvica Location 
Signed Date 
REASON FOR REPAIA 
Excessive Vibration Noisy High Current 
Seized Brg. Fallure 
Dirty Preventative Maint. 
Other (explain) 
INSPECTION REPORT 
Lubrication Clean Dirty Lacking 
Windings Clean Dirty Burned Out 
Windings Epoxy Coated Yes No Type 
Lead Condition; 
Shaft Runout x in, 
Shaft Encfioat In. Before Repair in. 
Bearing No. LE, .0.D,E. 
WORK DONE 
LJ Rewind C] Cleaned 
Changed O.D.E. Brg. Bearing No. 
Changed DE Br. Bearing No. 
Rotor Balanced Replaced Leads 
Thermal Protection Type 
Other (Explain below) 
Oll Used J Ter. 52 Cj Ter. 43 Other 
Grease Used Unirex Other 
TEST 
_—. Shaft End Float —-_________ in. Insulation (2 x V + 1000) 
—— Inspect & Run in No Load Amps. 
Thrust Direction 
Vibration - DE ODE 
COMMENTS 
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Appendix 11-B 


EASA* Standards for the 
Electrical Apparatus Sales and 
Service Industry 


AC MOTORS 
1.0 - General - All Electrical Apparatus 


1.1 - Purpose: The purpose of this set of standards is to promote 
integrity and good faith between members, suppliers and 
customers by maintaining a level of workmanship that will 
produce a quality product. 


1.2 - Scope: The basic work will include tests and inspection of 
windings and of all parts for defects, wear, and condition to 
determine if repairs are justifiable. Repairs shall meet the 
conditions outlined in this standard. Apparatus shall be re- 
assembled, tested, and made ready for shipment. 


1.3 - Nameplate: All electrical apparatus must have a permanent 
nameplate containing the principal information needed to 
put it into service. The necessary information is the HP, 
KW, or KVA rating, primary, secondary, field and/or arma- 
ture voltage and amperes, power factor, RPM, frequency 
and phase if applicable, temperature rise or ambient tem- 
perature, time rating and class of insulation. If known, the 
manufacturer’s name, serial number, model or style num- 
ber, service factor, type and frame size should be shown. 
Should a winding be redesigned the original nameplate, 
whenever possible, should remain on the apparatus and a 
new nameplate mounted adjacent to it with the words “Re- 


* Electrical Apparatus Service Association, St. Louis, Mo. By permission. 
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1.4 


1.5 - 


1.6 - 


1.7 - 


1.8 


1.9 - 


designed” or “Changed” and the new ratings shown. The 
new nameplate should contain the date of change and the 
name of the company who made the changes. 


Cleaning: All windings and parts must be cleaned free from 
dirt, grit, grease and oil, then properly dried. Cleaning 
agents must be completely removed. 


Stripping: Defective windings shall be removed in such a 
manner than no mechanical damage is done to the lamina- 
tions or frame. Heating of laminations shall be controlled to 
avoid impairment of the magnetic qualities of the core and 
distortion of any parts. 


Laminations: Shorted or damaged laminations shall be re- 
paired or replaced. 


Leads: All apparatus will be equipped with lead wire of 
rated temperature and voltage insulation and of sufficient 
current carrying capacity. All leads shall be suitably 
marked or colored where necessary to indicate correct con- 
nection and be of sufficient length for ease of connecting to 
power supply at terminal box or to terminal blocks. A print 
or plate must be furnished, where necessary, indicating cor- 
rect connections. All lead markings should conform to 
NEMA standards and be of sufficient durability to with- 
stand the environment involved. Leads on TEFC and explo- 
sion-proof apparatus shall be properly sealed to meet envi- 
ronmental operating conditions. 


Varnishing and Coating of Windings: The windings of all 
rewound apparatus shall be varnish-treated or coated using 
a material and method of application of sufficient quality to 
withstand the normal application of the apparatus. The var- 
nish or coating shall be compatible with the entire insulation 
system and be suitable for the environment of the apparatus. 


Terminal Box: Terminal boxes must be large enough to ac- 
commodate the connections without crowding. Knockout 
holes must be large enough to accommodate the proper size 
conduit and not have a sharp edge. 


1.10 - Exterior Finish: Apparatus shall be externally cleaned and 


refinished with a good quality oil resistant coating. 
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1.11 - Crating and Shipping: All apparatus must be boxed, cra- 
ted, or skidded to protect it during shipment. 


2.0 - Mechanical Portion - Rotating Apparatus 


2.1 - Shafts: 
2.1.1 - 


2.1.2 - 


2.1.3 - 


2.1.4 - 


Inspection: The shafts shall be checked for undue 
wear, scoring and straightness. 


Bearing Journals and Shaft Extension: The bearing 
journals and shaft extension must be concentric 
with the shaft centers, smooth, polished, and of 
proper size and fit. If a sale is involved the diame- 
ter and the length of the shaft extension or exten- 
sions shall conform to NEMA standards for the 
frame size invovled or the customer be notified of 
the shaft dimensions. The tolerance for permissible 
shaft runout for standard length shafts, when mea- 
sured at the end of the shaft extension, shall be 
0.002 inch indicator reading for 5/s to 15/s inch di- 
ameter shafts inclusive and 0.003 inch indicator 
reading for over 15/s to 5 inch diameter shafts in- 
clusive. 


Keyways: Keyways should be true and accommo- 
date keys to a tap fit. If a sale is involved keyways 
must be NEMA standards in dimensions, if not, 
offset keys of standard size must be furnished with 
the apparatus. 


Oil Rings: Oil rings must be true and rotate freely 
and be of proper size to carry sufficient lubrication 
to prevent bearing wear. Retainers, when pro- 
vided, shall be inspected and replaced if necessary. 


2.2 - Bearings: 


2.2.1 - 


2.2.2 - 


Ball and Roller Bearings: Ball and roller bearings 
must be free from defects and surface wear. Bear- 
ings must be properly installed, fitted, and aligned. 


Sleeve Bearings: Sleeve bearings must be uniform 
in diameter, be of proper fit in the housing, be 
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2.3 - 


2.4 - 


2.5 - 


2.6 - 


smooth internally, and suitably grooved for proper 
distribution of lubricant. For A.C. apparatus the 
maximum clearance between the bore of the bear- 
ing and the diameter of the shaft must not be more 
than 0.002” for the first inch of shaft diameter plus 
0.001” for each additional inch of shaft diameter. 
For D.C. apparatus the maximum clearance shall 
be 0.005” per inch of shaft diameter, air gap per- 
mitting. 


Lubrications: 


2.3.1 - Grease: Ball and roller bearings will be properly 
greased with a lubricant or proper grade and recog- 
nized quality. The grease pipes should be clean and 
have a proper cover. 


2.3.2 - Oil: Oil must be of proper weight and quality. 
There must be a covered overflow cup of sufficient 
height to maintain the proper oil level in the bear- 
ing housing. There should also be a drain plug. 


Frame and End Shields: The motor frames and end shields 
shall be examined for defects and fits. All cracks or breaks 
must be repaired and fits brought to standard. 


End Thrust and End Play: All rotors and armatures of hori- 
zontal apparatus must be positioned on the shaft to eliminate 
end thrust against either bearing. Total end play in sleeve 
bearing apparatus should be approximately 1/16” per inch di- 
ameter of shaft journal. Total end play in ball bearing appa- 
ratus should be sufficient to allow for shaft expansion 
caused by temperature rise. 


Balancing: Recommendations of vibration limits for special 
AC and DC motors and generators are established by each 
manufacturer. The standard balance for integral horse- 
power AC and DC motors built in frame 143 and larger 
when made in accordance with NEMA procedure is as fol- 
lows: 
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S , RPM Maximum Amplitude 
3000-4000 incl. 0.001 inches 
1500-2999 incl. 0.0015 inches 
1000-1499 incl. 0.002 inches 
999-and below 0.0025 inches 


2.7 - Rotors and Armatures: 


2.7.1 - Laminations: The armature and rotor laminations 
must be firm and secure on their shafts or support 
sleeves and the sleeves secured on the shafts. 


2.7.2 - Slip Rings: Slip rings shall be checked to ensure 
that they are concentric, smooth and polished, 
properly insulated and have sufficient stock to be 
mechanically strong. 


2.7.3 - Commutators: For commutators refer to paragraph 
3.5.2. 


3.0 - Electrical Portion - Rotating Apparatus 
3.1 - Windings: 


3.1.1 - General: All rewound equipment must produce es- 
sentially the same torque, speed, horsepower, effi- 
ciency, power factor, and temperature characteris- 
tics as the original winding unless a design change 
has been made for a specific application. Any 
change in the electrical rating must comply with 
paragraph 1.3. 


3.1.2 - Insulation System: The entire insulation system 
shall constitute materials and methods of applica- 
tion that will be equal to or better than used by the 
manufacturer. It shall be sufficient to withstand the 
normal operation of the apparatus. 

All the components that constitute an insulation 
system must be compatible with each other and the 
varnish or coating applied. 

All insulation materials used must be of the 
proper NEMA temperature class to meet the re- 
quired temperature rise of the apparatus. 
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3.1.3 - 


3.1.4 - 


3.1.5 - 


3.1.6 - 


All insulation shall be installed in a neat and 
workmanlike manner and as recommended by the 
insulation manufacturer. 


Magnet Wire: The current carrying capacity, insu- 
lation, and mechanical qualities of the magnet wire 
shall be suitable to the operational environment and 
shall be adequate to withstand the normal life of the 
apparatus. When the metal in the magnet wire has 
been changed it shall be equal to or better than the 
original material in all aspects of performance and 
application. 


Lacing and Shaping: The coil ends shall be partic- 
ularly laced and shaped to maintain all necessary 
clearance such as rotor, end shields and through 
bolts and be able to endure starting and running 
currents with a minimum of distortion. On larger 
motors where coil support (surge) rings are used, 
they shall be suitably insulated, accurately fitted 
and laced to insure adequate support for the wind- 
ing. All lacing and shaping should be done in a neat 
and workmanlike manner. 


Connections: Ail connections shall be properly sol- 
dered, brazed, or welded with materials that will 
be mechanically strong enough to withstand the 
normal operating conditions. Materials such as sol- 
der paste, fluxes, inhibitors and compounds, 
where employed, shall be neutralized after using. 
They shall be suitable for the use and of a type that 
will not adversely affect the conductors. All con- 
nections and splices shall be so constructed as to 
have a resistance equal to or less than the conduc- 
tors of the winding. Connections to terminal shall 
be of the type approved by the National Electrical 
Code that will ensure a good electrical and me- 
chanical contact without injury to the conductors. 


Insulating Connections: All connections are to be 
adequately insulated with materials that will with- 
stand the temperature, voltage and frequency rat- 
ing of the apparatus and be mechanically adequate 
to withstand normal operation. All connections and 


3.2 


3.3 
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leads shall be laced, tied, or otherwise securely 
fastened to prevent movement and subsequent fail- 
ure. All connections shall be made and insulated in 
a neat and workmanlike manner. 


3.1.7 - Banding: Glass banding tape may be applied di- 
rectly to the winding. It should be applied at proper 
tension and be of sufficient thickness and width to 
support the coils to minimize distortion. 

When banding wire is used, it shal] have a tensile 
strength of no less than 200,000 psi. The area to be 
banded should be properly shaped and insulated. 
The banding wire should be applied at the proper 
tension. 

All types of bands should be sufficiently se- 
cured, tied, or laced and be mechanically strong 
enough to withstand the centrifugal force, current 
surges, and vibrations of normal operation. 


Caution: Replacing wire banding with resin 
filled glass banding may change the magnetic cir- 
cuit, effect commutation, and speed. 


3.1.8 - Thermal Protectors: Thermal protectors shall be 
checked for electrical and physical defects. Re- 
placement of protectors shall be identical with 
original in tripping characteristics. Removal of 
protectors should be done only with customer con- 
sent or manufacturer approval. 


Random Wound Coils: The coils should be wound and in- 
serted in the slots with a minimum of crosses. Care should 
be taken not to damage the insulation or the magnet wire 
during winding and insertion of the coils. All coils should 
be properly wedged to hold the magnet wire secure in the 
slots. 


Form Wound Coils: Loops shall be made and spread to form 
coils without damage to the magnet wire insulation. Appli- 
cation of layer insulation shall be uniformly and tightly ap- 
plied to eliminate stress points and air voids. 

Insulated coils shall be placed in slots with no damage to 
the coil insulation. Coils shall tightly fit slots. Coils shall be 
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secured to surge ring and laced to one another as necessary 
to prevent distortion. 


3.4 - A.C. Rotating Apparatus 


3.4.1 - 


3.4.2 - 


3.4.3 - 


3.4.4 - 


General: The condition of the winding and the ex- 
tent of repairs shall be determined by visual inspec- 
tion and as necessary, an ohmmeter reading, phase 
unbalance or surge comparison, growler test, and/ 
or appropriate high potential ground test. 

Winding data shall be accurately taken and re- 
corded. 


Stators: Stators shall be properly stripped (refer- 
ence paragraph 1.5) and prepared for winding. The 
slots shall be clean and free of sharp edges or parti- 
cles. Laminations shall be inspected for damage 
(reference paragraph 1.6). Stator bore shall be true 
and concentric. New windings shall comply with 
paragraphs 3.1, 3.2 or 3.3. 


Squirrel Cage Rotors: All slot conductors must be 
free of open circuits and have essentially the same 
resistance and conductivity as the original. The end 
rings should be welded, brazed, soldered or other- 
wise joined to the slot conductors to maintain rela- 
tively the same end ring resistance and conductiv- 
ity. The entire squirrel cage winding shall maintain 
the same electrical characteristics as the original. 


Wound Rotors: Rotors shall be properly stripped 
(reference paragraph 1.5) and prepared for wind- 
ing. The slots shall be clean and free of sharp edges 
or particles. Laminations shall be inspected for 
damage (reference paragraph 1.6). 

New windings shall comply with paragraphs 3.1, 
3.2 or 3.3. Windings shall be treated with a high 
bond strength varnish and banded. 

For banding reference paragraph 3.1.7. 

For slip rings reference paragraph 2.7.2. 

For balancing reference paragraph 2.6. 
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3.4.6 - Single Phase Motors: 


3.4.6.1 - Stators: Rewinding and repairing of sin- 
gle phase motors shall comply with par- 
agraph 3.1, 3.2 and 3.4. 


3.4.6.2 - Squirrel Cage Rotors: Squirrel cage ro- 
tors shall comply with paragraph 3.4.3. 


3.4.6.3 - Armatures: Armature windings shall be 
tested for shorts, opens and grounds. In- 
spection of solder joints in commutators 
shall be made. New armature winding 
shall comply with paragraph 3.1. The 
commutator should be turned to concen- 
tricity of the shaft center or bearing sur- 
face. No flat spots, high, low or loose 
segments shall exist. The commutator 
shall be undercut as required. The sur- 
face of the finished commutator must be 
a smooth, polished finish to give full 
brush current carrying capacity. 


3.4.6.4 - Brush Holders and Brushes: Brush 
holders shall be clean to prevent con- 
tamination of the commutator or 
brushes. All holders must be free 
working. Brush springs shall be in con- 
dition to give proper brush tension. 
Brushes must be the correct size and 
grade. All pigtails must be tight and 
connections to the holder must be clean 
and tight. 


3.4.6.5 - Accessories and Mechanisms: Capaci- 
tors shall be checked for proper value 
and condition. Short circuit devices, 
centrifugal mechanisms, switches, and 
Starting relays shall be checked for 
proper electrical and mechanical opera- 
tion at correct speed and voltage. Termi- 
nal boards shall be replaced if damaged. 
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3.4.6.6 - 


Leads: In general, leads shall apply to 
paragraph 1.7. When single phase mo- 
tors use lead colors instead of letter 
markings to identify the leads, the color 
assignment shall be determined from the 
following: 


T-1 Blue T-5 Black 

T-2 White T-8 Red 

T-3 Orange* P-1 No color assigned 
T-4 Yellow P-2 Brown 


3.4.7 - Final Tests: 


* Formerly green 


3.4.7.1 - 


3.4.7.2 - 


3.4.7.3 - 


3.4.7.4 - 


3.4.7.5 - 


General: The condition of new windings 
shall be tested by the following methods 
as applicable. 


Ground Tests: Ohmmeter reading of 
windings should be made and recorded. 

Overpotential ground tests shall com- 
ply with section 8.0. 


Winding Defect Tests: Tests for winding 
defects shall be made by phase balance, 
surge comparison, growler, resistance, 
voltage drop and/or reverse coil tests. 


No-Load Tests: When possible no-load 
running tests shall be made at rated volt- 
age. The no-load current and speed re- 
corded and the mechanical operation 
checked. 


Full-load Tests: Full-load tests may be 
made as arranged with customer or as 
necessary to check the operating charac- 
teristics of the apparatus. 
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3.5 - D.C. Rotating Apparatus 

3.5.1 - Mechanical 

3.5.2 - Commutators 

3.5.3. - Brush Holders 

3.5.4 - Windings 
3.5.4.1 - General 
3.5.4.2 ~ Armatures 
3.5.4.3 - Field Coils and Interpoles 
3.5.4.4 ~ Wire Size 
3.5.4.5 - Testing 

3.5.5 - Testing Existing Windings 
3.5.5.1 - Armature 
3.5.5.2 - Fields 
3.5.5.3 - Ground Test 

3.5.6 - Leads 

3.5.7 - Banding 

3.5.8 - Varnish Impregnation and Coating 

3.5.9 - Air Gaps 

3.5.10 - Polarity Testing 

3.5.11 ~ Brush Yoke 

3.5.12 ~ Running Test 

4.0 - Transformers - Liquid Filled 
4.1 - General 
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4.2 - Preliminary Tests 
4.3. - Untanking 
4.4 - Disassembly 
4.5 - Accessories and Auxiliary Items 
4.6 - Core and Coils - Rewinding 
4.6.1 - Laminations 
4.6.2 - Coils 
4.6.3 - Varnish and Coatings 
4.7 - Care of Tanks 
4.8 - Assembly 
4.8.1 - Core and Coils 
4.8.2 - Leads 
4.8.3 - Bushing, Gaskets, and Accessories 
4.8.4 - Insulating Liquid and Filling 
4.9 - Final Tests 
4.10 - Exterior Finish 
5.0 - Transformer - Dry type, Distribution 
5.1 - General 
5.2 - Preliminary Tests 
5.3 - Core and Coils - Rewinding 
5.3.1 - Laminations 
5.3.2 - Coils 
5.3.3 - Insulation 


6.0 - 
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5.3.4 - Varnishing and Coating 
5.4 - Assembly 
5.4.1 - Core and Coils 
5.4.2 - Leads 
5.4.3 - Bushings and Accessories 
5.4.4 - Enclosure 
5.5 - Final Tests 
5.6 - Exterior Finish 
Hand Power Tools 
6.1 - Cords 
6.2 - Switches 
6.3 - Brushes and Brush Holders 
6.4 - Armatures 


6.5 - Commutators 


6.6 - Fields 
6.7 - Gears 
6.8 - Bearings 
6.9 - Seals 


6.10 - Grease and Oil 
6.11 - Housings 
6.12 - Chucks 
6.13 - Tests 
6.13.1 - 125 V Tools 
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7.0 - 


8.0 - 
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6.13.1.1 - Ground Test - Blades to Metal 
6.13.1.2 - Ground Test - Ground Pin to Metal 
6.13.2 - 125 V Double Insulated Tools 
6.13.2.1 - Insulation Strength Test #1 
6.13.2.2 - Insulation Strength Test #2 
6.13.2.3 - Ground Test 
6.13.3 - 230 V Tools 
6.13.4 - Speed Tests 
6.13.5 - Final Run 
6.14 - Finished Appearance 
Hermetic Stators 
7.1 - Scope of Work 
7.2 - Stripping 
7,3 - Cleanliness 
7.4 - Insulation System 
7.5 - Windings 
7.6 - Varnish Dipping and Baking 


7.7 - Tests 


Testing 
8.1 - Over-Potential Tests 


8.1.1 - Induction and Direct Current Motors: The high po- 
tential test for new windings of induction and direct 
current motors rated 1/2 horsepower and larger 
shall be made by applying 1000 volts A.C. 25-60 
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hertz plus twice the rated voltage of the motor for 
one minute. 

The high potential test for new windings of in- 
duction and direct current motors rated less than 1/2 
horsepower and for operation upon circuits not ex- 
ceeding 250 volts shall be made by applying 1000 
volt A.C. 25-60 hertz for one minute. 


8.1.2 - D.C. Field Windings: New D.C. field windings 
should be high potential tested at ten times the exci- 
tation voltage. 


8.1.3 - Equivalent Test: An alternating current test voltage 
of 1.2 times the one (1) minute test voltage speci- 
fied may be applied for one (1) second as an alter- 
native if desired. 


8.1.4 - Maintenance Proof Tests: Overpotential tests for 
windings other than new are performed at sixty 
(60) percent of new winding test values. 


8.1.5 - D.C. High Potential Testing: The testing of electri- 
cal apparatus by the use of D.C. high potential test 
equipment is recommended up to 34.5 KV. The 
standard ratio for converting A.C. test potential to 
equivalent D.C. values is 1.6. D.C. testing must 
be for one (1) minute duration. 

Caution: After a D.C. over-potential test, the 
winding must be grounded to the frame until the 
charge has decayed to zero. 


Electric Motor Winding Test Table 


New WindIngs Old Windings 
Rated 1 Min. 1 Sec. 1 Min. 1 Min. 1 Sec. 1 Min. 
Voltage A.C. A.C. D.C. A.C. A.C. D.C. 


600 and less 2200 2640 3520 1320 1585 2110 
2400 5800 6960 9280 3480 4175 3570 
4160 9320 11180 14900 5590 6710 8950 
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8.2 - D.C. Field Testing: 


8.2.1 - D.C. Voltage Drop Test: Rated D.C. voltage should 
be applied to the field pole circuit. The variation in 
voltage drop should not be greater than 5% be- 
tween coils. 


8.2.2 - A.C. Voltage Drop Test: Same as 8.2.1 except the 
applied A.C. voltage shall be double the D.C. rat- 
ing. 

8.2.3 - Resistance Tests: Shunt field coils shall be checked 
individually with an ohmmeter or wheatstone 


bridge. The variation in resistance shall not exceed 
2%. 


9.0 - Electrical Safety Standards 
9.1 - Test Area 


9.1.1 - Enclosure: Test area shall be enclosed with a fence 
or colored rope - preferably yellow. 


9.1.2 - Grounding and Gates: When a metallic fence or 
cage is used it must be grounded. Gates provided 
for entry of equipment and personnel must be 
equipped with interlocks so power to test area is in- 
terrupted if gate is opened. 


9.1.3 - Signs: Approved signs must be posted warning un- 
authorized personnel to stay out of area. 


9.1.4 - Units in Area; Only the unit under test should be in 
the test area. 


9.1.5 - Lighting: The area must be well lighted. 
9.2 - Test Panels 


9.2.1 - Construction: Construction shall be of the “dead 
front” type. 


9.2.2 - Voltages: Output voltages must be clearly marked. 
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9.2.3 - Warning Lights: An approved warning light shall 
indicate when the panel is energized. An additional 
approved light shall indicate when power leads to 
unit under test are energized. 


9.2.4 - Disconnect: Panel shall have an approved main dis- 
connecting means on the line side. 


9.2.5 - Switch: An emergency hand or foot operated 
switch to disconnect the power source shall be in a 
convenient location. 


9.2.6 - Leads: Test leads should be of adequate size and 
voltage class. Clips shall be insulated. 


9.2.7 - Mat: Operating personnel shall stand on an ap- 
proved insulated mat. 


9.3 - Grounding: An equipment ground shall be installed on all 
test apparatus during test as approved by the National Elec- 
tric Code. 


Part Ill 


General Preventive and 
Predictive Maintenance 
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Chapter 12 


Storage Protection and 
Lubrication Management 





Storage Protection 


Preservation or corrosion inhibiting of inactive process machinery de- 
pends on the type of equipment, expected length of inactivity, and the 
amount of time required to restore the equipment to service. 

Petrochemical companies will usually develop their standards to take 
these criteria into account. One recent typical mothballing program for 
indefinite storage in a northern temperature climate zone was planned 
and executed as follows and forms the basis for our recommendations. 


Centrifugal and Rotary Pumps 


. Flush pumps and drain casing. 

. Neutralizing step required on acid or caustic pumps. 

. Fresh water flush and air dry all cooling jackets. 

. Fill pump casing with mineral oil containing 5 percent rust pre- 
ventive concentrate. 

. Plug cooling water jackets—bearing and stuffing box—but keep 
low point drain valve cracked open slightly. 

. Coat space where shaft protrudes through bearing or stuffing box 
housings with Product 1 (see Table 12-1) and cover with tape. 

. Coat all coupling parts except elastomers with Product 1. 

. Coat all exposed machined surfaces with Product 1. 

. Fill bearing housing completely with mineral oil containing 5 per- 

cent rust preventive concentrate. 

Pumps do not require rotation. 

. Close pump suction and discharge block valves. 
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Table 12-1 
Corrosion Inhibiting Materials for Machinery Protection 
PRODUCT TYPE APPLICATION TRADE NAME 

1 Solid Film Corrosion Hot Dip RUST-BAN 326 * 
Inhibitor Hot Brush or equal 

2 Solvent Cutback Rust Spray After RUST-BAN 392 * 
Preventive Thinning or equal 

3 Solvent Cutback Rust Spray RUST-BAN 394 * 
Preventive Brush or equal 

4 Rust Preventive Mix or PROCON * 
Concentrate Full Strength or equal 

5 Barrier Material-Grade Wrap US Govt. Spec. 
C Waxed Paper MIL-B121-D 

or equal 

6 Oil and Moisture Spray RUST-BAN PH6297 
Resistant 
Coating (Aluminum Aluminum Phenolic 
Paint) 

7 — Petrolatum—(Neutral Hand Apply Vaseline or equal 
Unctuous) 

* EXXON/IMPERIAL OIL Products 


Reciprocating Pumps 


. Flush and drain pump casing. 

. Neutralizing step required—if caustic or acid. 

. Blind suction and discharge nozzles of pump. 

. Fill liquid end with mineral oil containing 5 percent rust preven- 
tive concentrate. Bar piston to coat all surfaces. Allow some space 
for thermal expansion. 

§. Fill steam end with mineral oil containing 5 percent rust preven- 

tive concentrate. Bar piston to coat all surfaces. 

6. Close inlet and outlet valves. 

7. Coat all joints where shaft protrudes from casings with Product 1. 

Cover with tape. 
8. Coat exposed piston rod, shafts, and machined parts with Product 
1 


WN Ee 


9. Fill bearing housing and gearbox with mineral oil containing 5 
percent rust preventive concentrate. 

10. Fill packing lubricator with mineral oil containing 5 percent rust 
preventive concentrate. 
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Turbines 


. Isolate from steam system. 

. Seal shaft openings with silicone rubber caulking* and tape. 

. Dry out with air. 

. Fill turbine casing with oil containing 5 percent rust preventive 
concentrate including steam chest. Hold governor valve open as 
necessary to ensure chest is completely full. Vent casing, as re- 
quired, to remove trapped air. Fill trip and throttle valve completely 
with oil. 

5. Install a valved pipe on casing which can serve as filler pipe for 
adding oil to fill casing. Allow space for thermal expansion of oil in 
pipe. 

6. Coat all external machined surfaces, cams, shafts, levers, and valve 
stems with Product 1. 

7. Coat space between case and protrusion of shaft with Product 1. 
Cover space with tape. 

8. Fill bearing housing completely with oil. 

9. Coat casing bolts with Product 1. 


hwWN eS 


Large Fans 


1. Coat coupling and all external machined surfaces with Pruduct 1. 
2. Spray Product 2 on fan wheel. 
3. Crack open casing low point, drain valve. 


Gearboxes 


1. Fill gearbox and piping completely with oil containing 5 percent 
Product 1. 

2. Plug all vents. Allow space for thermal expansion. 

3. Install a valved pipe on casing which can serve as filler pipe for 
adding oil to fill casing. 


Large motors 
1. Blank oil return line. 
2. Seal shaft openings with silicone rubber caulking and tape. 


3. Fill bearing housing with oil containing 5 percent rust preventive 
concentrate. 


* Sealastic® or equal—black, to prevent pilfering. 
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4. 


5. 
6. 
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Install a valved standpipe such that the inlet is higher than the bear- 
ing housing. 

Coat all exposed machined parts with Product 1. 

Do not rotate motor. 


Centrifugal Process Compressors 


RwWNe 
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10. 


. Purge compressor casing of hydrocarbons. 
. Flush internals with solvent to remove heavy polymers. 
. Pressurize casing with nitrogen. 


Mix 5 percent rust preventive concentrate to existing lube and seal 
oil. Circulate oil through the entire system for one hour. 


. Blank oil return header. 
. Seal shaft openings with silicone rubber caulking and tape. 
. Fill bearing housing with oil containing 5 percent rust preventive 


concentrate by running turbine-driven pump at reduced speed. 


. Fill oil console with mineral oil containing 5 percent rust preven- 


tive concentrate. 


. Filling should be done when compressor is at ambient tempera- 


ture. Turn off all heat tracers. 
Coat all exposed machined parts, including couplings, with Prod- 
uct 1. 


Lube and Seal Oil System 


1. 
2. 


Add 5 percent rust preventive concentrate to lube and seal oil. 
Circulate oil throughout piping system. Open and close control and 
bypass valves so that all piping and components will receive oil cir- 
culation and become coated. Circulate for one hour. Vent trapped 
air from all components and high points. 


. Block in filters and coolers. Fill completely with oil containing 5 


percent rust preventive concentrate but allow small space for ther- 
mal expansion. Water side of coolers should be drained and air dry. 
Plug all vents. Lock drain connections in slightly open position. 


. Fill reservoir with oil containing 5 percent rust preventive concen- 


trate. Blind or plug all connections to tank including vent stack. 


. Coat exposed shaft surfaces and couplings of oil pumps with Prod- 


uct 1. 


Reciprocating Compressors (see also page 554). 


1. 
2. 


Purge compressor casing of hydrocarbons. 
Blank compressor suction and discharge. 
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3. Fill crankcase, connecting rod and valves with oil containing 5 per- 
cent rust preventive concentrate. Install a valved standpipe. Allow 
space for thermal expansion. 

4. Coat all exposed machined parts with Product 1. 

5. Top up oil level in the cooling jacket. 


Another occasion would be the three to twelve months’ storage of ma- 
chinery at a construction site. Usually termed a preventive maintenance 
program, storage protection plans would look like this, again in a north- 
ern, dry climate: 


Rotation 


Rotate all motors, turbines, compressors, pumps, excluding deep well 
pumps with rubber bushings, fin fans, blowers, aerators, mixers and 
feeders every two weeks. 


Visual Inspection 


Check when rotating exposed machined surfaces, shafts and couplings 
to see that protective coating has been applied and has not been removed. 
Reapply if needed. 

Check all lubricating lines to see if any tubing, piping, tank, or sump 
covers have been removed. Retape ends and cover. Do this when discov- 
ered. If flanges are open on machinery, notify pipefitter general foreman 
or other designated responsible person in unit. 

Inspect the interior of lube oil consoles on a six week schedule. Check 
to see if clean, and rust and condensate-free. Clean and dry out if needed, 
then fog with rust preventive concentrate. 


Draining of Condensate 


Drain condensation from all bearing housings, sumps, and oil reser- 
voirs on a once a month schedule. If an excessive amount of condensation 
is found, recheck once a week, or at two week intervals depending on 
amount of condensate present. 


Bearings 


Fill all bearing housings that are oil lubricated but not force-fed with 
rust preventive concentrate, bringing the oil level up to the bottom of the 
shaft. For bearings that are force-fed the upper bearing cap and bearing 
will be removed. A heavy coat of STP® can be applied to the journal and 
bearing surfaces. This should be reapplied as needed. 
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Turbines 


Turbines should be spot checked by removing the upper half of the tur- 
bine case and visually inspected. Plan to open a sampling of these tur- 
bines, selecting from the first preserved and in the worst condition. This 
should be done on a three month schedule. Other turbines may be in- 
spected by the manufacturer’s field service engineer on his periodic 
(monthly) visits. Small, general purpose turbines should be fogged with 
rust preventive concentrate through the opening in the top case as the ro- 
tor is being rotated. This should be done on a three month schedule. 


Compressors 


Manufacturers’ representatives should inspect the compressors on a 
monthly visit basis. Preservative needed can be applied under their su- 
pervision. Centrifugal process compressors should be fogged and consid- 
eration be given to placing dessiccant bags in these machines. They 
should be inspected on a two month schedule. High speed air compres- 
sors should be inspected on a three month schedule. Axial compressors 
should be inspected and fogged on a three month schedule. 


Pumps 


Reciprocating pumps should be opened and inspected on a two month 
schedule. Centrifugal and inline pumps should be fogged with rust pre- 
ventive concentrate. Volute cases need not be filled unless it is anticipated 
that they will remain out of service for over one year. 


Electric Motors 


Electric motors having grease type bearings need not be lubricated. If 
received with a grease fitting it should be removed and plugged or 
capped. For other lubrication type bearings see bearings. 


Reducing or Speed increasing Gears 


The interior of the housing should be fogged with rust preventive con- 
centrate. Tooth contact points should be coated with STP®. Gears and in- 
teriors should be visually inspected on a three month schedule by remov- 
ing inspection plates. 


Blowers 


Blowers should be inspected on a three month schedule for rust. 
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Mixers 
Mixers should be filled with rust preventive concentrate. 
Fin Fans 


Drive belts should stay on. Run several minutes at least every two 
weeks or whenever snow load dictates. 


Miscellaneous Equipment 


Miscellaneous equipment should be lubed as applicable and should be 
rotated on a two week schedule. 


Other Considerations 


In a warm, high precipitation climate—see Figure 12-1—it would be 
wise to look for alternate solutions to the problem of field storage during 
construction and prior to startup. If oil mist lubrication is not already 
part of the original design, it should be installed with top priority and 
activated as soon as possible. Figure 12-2 shows temporary field tubing 
to supply oil mist to the bearing points of a turbine drive pump row. Fig- 
ure 12-3 shows a similar installation, feeding oil mist to pump and motor 
bearings, and Figure 12-4 illustrates construction site storage oil mist 
supply lines to a vertical mechanical drive turbine as well as to a large 
feed pump motor. 

The third and last case of machinery storage protection arises when 
stand-by capability of laid-up equipment is desired. Reference 1 de- 
scribes such a case. It appears as though there are no limits to the ingenu- 
ity displayed by operators—as long as a “do nothing and take your 
chances” stance is not taken. By the way, all preventive maintenance ap- 
plied should be logged by item number in the maintenance log. 

While the case of extended stand-by protection does not seem to pre- 
sent a problem for process pumps and other general purpose equip- 
ment—especially where oil mist lubrication is installed and operating—it 
might well be a challenge to operators of steam and gas turbines as well 
as reciprocating engines and compressors. One company! has had excel- 
lent success with their in-house developed program for stand-by storage 
of critical machinery, particularly gas turbines. One manufacturer’ rec- 
ommends the following procedure for the stand-by protection of gas en- 
gines or gas engine driven compressors: 





Figure 12-1. Precipitation (inches) map of the United States (Collier's Encyclopedia). 
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Figure 12-2. Temporary oil mist installation for protection of machinery during construction 
phase—pump row. 





Figure 12-3. Temporary oil mist installation for protection of machinery during construction 
phase—motor/process pump set. 
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Figure 12-4. Temporary oil mist installation for protection of machinery during construction 
phase—electric motor and vertical turbine with speed governor. 


Drain the water jackets and then circulate the proper compound* 
through the jackets making sure that all surfaces in the jacket are 
reached. Drain the system and plug all openings. 


Lubrication System 


On engine lubrication systems, proceed as follows: 

1. Drain the lubricating oil system, including filters, coolers, gover- 
nors, and mechanical lubricators. Flush the complete system with 
standard petroleum solvent that will take the oil off the surfaces. 
Use an external pump to force the solvent through the system. 
Spray the interior of the crankcase thoroughly. Then drain. 

2. Refill to the minimum level—just enough to ensure pump suction at 
all times—in each case with the proper compound.* Crank the me- 
chanical lubricator by hand until all lines are purged. Where com- 
pressors are used be sure to flood the compressor rod packing. 

3. Using air pressure or any other convenient means turn the engine at 
sufficient speed and for a sufficient length of time to thoroughly cir- 
culate the compound through the engine. 


* Product 4, Table 12-1 
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4. Stop and drain the engine sump, filters, coolers, governor, lubrica- 
tors, etc. Plug all openings. 

5. Remove the spark plugs or gas injection valves and spray with 
Product 2 inside the cylinders so as to cover all surfaces. While do- 
ing this rotate the engine by hand so that each piston is on bottom 
dead center when that particular cylinder is being sprayed. 

6. After this operation the engine should not be turned or barred over 
until it is ready to be placed in service. Tag the engine in several 
prominent places with warning tags. 

7. Where compressors are involved—including scavenging air com- 
pressors—remove the valves and spray inside the cylinder so as to 
cover all surfaces. Dip the compressor valves in Product 1 and 
drain off the excess. Reassemble valves in place. 


Lubrication Management 


General Plant Lubrication Concepts* 


The correct lubrication of plant equipment is an important factor in 
sustaining production with reduced equipment outage and lower mainte- 
nance costs. When a well planned and coordinated lubrication program 
has been established, the production plant has an effective preventive 
maintenance program. A complete program will encompass all phases of 
plant lubrication. 

The need for protecting operating equipment against excessive wear 
and for keeping plant delays to the absolute minimum brings lubrication 
into a very prominent position. All moving parts of the equipment re- 
quire lubrication to permit it to function successfully and contribute to- 
ward high plant production. This can only be achieved when a complete 
“Lubrication Program” has been established and is being maintained. 

The success of any plant-wide lubrication program depends upon close 
cooperation among certain individuals and groups of individuals within 
the various units and divisions of the organizational structure, including 
operating, maintenance, engineering, and lubrication personnel. In addi- 
tion, valuable technical assistance can be obtained from the equipment 
manufacturer and the lubricant supplier. 


* Partial source: Allen M. Clapp, as published in “Proceedings of Seventh Texas A&M 
Turbomachinery Symposium,” December 1978. Adapted by permission of Texas A&M 
Turbomachinery Laboratories. 


556 Major Process Equipment Maintenance and Repair 


Lubrication Survey of the Plant 


If the plant has not recently been surveyed from a lubrication stand- 
point, a careful survey should be conducted to determine the current lu- 
brication practices. 

The main part of this survey will consist of a detailed lubrication in- 
spection of all plant equipment. Each machine must be studied and its 
lubrication-related characteristics tabulated. These characteristics must 
include the items listed in Figure 12-5. 

The listing would thus be comprised of electric motor bearings, flexi- 
ble couplings, reduction gears and bearings, etc. The name of the lubri- 
cant being used, together with the means and frequency of application 
should also be listed for each lubrication point. Likewise, any abnormal 
conditions encountered, such as excessive oil leakage, water entering the 
oil, frequent bearing changes and the like should be recorded. 

Obtaining this information is time consuming and several days may be 
required to survey the plant. However, such a survey is the only way of 
obtaining an accurate picture of current lubrication practices and it is the 
basis upon which future steps to improve lubrication will be made. 
Therefore, the time spent in conducting a thorough survey is well justi- 
fied. Since a general knowledge of the design of a machine is required for 
making any critical analysis of its lubrication requirements, it may be 
necessary to make frequent reference to machine drawings to clarify 
points that cannot be determined by an external inspection. When lubri- 
cation or other maintenance problems are being encountered on a ma- 
chine, every effort should be made to inspect the machine when it is 
opened for repair to determine the points where excessive wear or other 
problems exist. 


Lubricant Consolidation 


For best performance results, buy and use only carefully selected lubri- 
cants. As shown in Figure 12-6, establish a list of lubricant types which is 
sufficiently extensive to cover essentially all the lubricant requirements 
for the entire plant. Each type should have characteristics which make it 
particularly suitable for applications under certain operating conditions. 
A common name or number should be assigned each type for use on lu- 
brication schedules, stores records, etc. Although the total number of dif- 
ferent lubricants required, including the various viscosities and consis- 
tencies, may amount to 15 to 25 for a large plant, some major plants have 
been able to reduce the number of lube types to as few as 7 without in any 
way compromising equipment reliability. 
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Inventory Machinery 
Machine Characteristics 
Points of Lubrication 
Methods of Lubrication 
Frequency of Lubrication 


aroOns 





Figure 12-5. Lubrication-related characteristics to be used in a plant lubrication survey. 


1. List Lubricant Types 
... Common Name 
.. . Identity Code 
2. Determine General Characteristics 
. . . Supplier 
. .. Laboratory Testing 
3. Final Selection 
... Field Testing 
.. . Past Experience 





Figure 12-6. Lube oil selection parameters. 


The general characteristics of any particular lubricant may be deter- 
mined from information received from the supplier, or from testing a 
sample of the lubricant to determine its measurable physical and chemi- 
cal properties. The final selection of a particular lubricant should be 
made only after a careful observation of the lubricant in one or more typi- 
cal applications in the plant. 


Master Lubrication Schedules 


After the detailed plant survey has been conducted, the lubricant types 
established, and the necessary consolidation of lubricants effected, the 
next step is the preparation of the master lubrication schedule as shown in 
Figure 12-7. 
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. Identification of Equipment 
. Points of Lubrication 

. Lubricants 

. Methods 

. Frequencies 

. Name of Worker 
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Figure 12-7. What lubrication schedules should contain. 


Lubrication schedules are then printed by the computer and placed in 
the hands of the personnel who apply the lubricants. Without such sched- 
ules there can be much confusion and differences of opinion in the plant 
as to what should be used or even what is actually being used in the dif- 
ferent equipment, especially when there has been a change in either su- 
pervision or the operating personnel in the plant. The mere issuing of the 
lubrication schedule, of course, does not ensure compliance. Field 
followup is usually required, 


Lubrication Notification 


Monthly lubrication work lists, as shown in Figure 12-8, are printed by 
the computer. These lists are compiled from the Master Lubrication 
Schedule for each worker assigned lubrication responsibilities. The noti- 
fication system is essential for effective utilization of the lubrication 
schedule. These monthly work lists are simply memory joggers for the 
people with lubrication responsibilities. The work lists are also an effec- 
tive communication link between the worker and his supervisor. The 
worker is required to note any unusual condition of the machine or lubri- 
cants in the machine observed when the lubrication job was being per- 
formed. 

Many modern plants are now using portable data terminals to capture 
lubrication data. These data monitoring or data logging methods are ex- 
plained in technical and sales literature which can be obtained from the 
major manufacturers of machinery vibration monitoring equipment. 


Lubricant Handling and Storage 


The large quantities of lubricants used in the operation of plants make 
the buying and handling of these materials within the plants an important 
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1. Printed and Distributed by 1st Working Day of Month 
2. Worker Name and Area 

3. Points of Lubrication 

4. Lubricant 

5. Signed and Dated 

7. Returned to Supervisor When Complete 


Figure 12-8. What monthly lubrication notification, or lubrication worklists contain. 


item from the standpoint of housekeeping, safety, and costs. Major con- 
siderations should include storage methods, whether returnable contain- 
ers should be used, etc. 

To obtain the lowest prices, plants purchase their lubricants in the larg- 
est quantities consistent with the rate of usage and the capacity of their 
storage facilities. In the case of fluid lubricants purchased in quantities 
greater than 6,000 gallons per year, tank truck delivery is generally pre- 
ferred. 

In addition to the price advantage, purchase in bulk eliminates the stor- 
age and handling of large numbers of drums within the plant. Bulk stor- 
age is even more attractive if the oil is delivered directly to a tank at the 
point of consumption in the plant. 

Good housekeeping can be maintained only if empty drums are re- 
turned from the consuming units to the supplier promptly. Most lubricant 
suppliers charge deposit fees of $15 or more for each drum of oil deliv- 
ered to the consumer. Full credit is given for the return of each undam- 
aged empty drum. Careful management of returnable empty drums can 
result in large annual savings. 

For identification of lubricants in handling and applying them through- 
out the plant, the type designation or name must be stenciled on the lid 
and the side of each drum. The same name appears on the drums as on 
the lubrication schedules, and the chance of a mistake in application is 
small. 


Oil Sampling and Testing Program 


The technique of used oil analysis as a preventive and predictive main- 
tenance tool has been used by industry for many years. The prevention of 
unexpected outages of critical machinery can be avoided or at least kept 
to a minimum when a program is properly initiated and maintained. 
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Oils from critical machinery are periodically tested to determine their 
suitability for continued use. Volume 2 of this series of books on Machin- 
ery Management contains additional information on this subject. 

For conventional analysis, a sample of the oil is withdrawn from the 
system and several of its characteristics measured in the laboratory. The 
usual tests conducted to determine the condition of used oils include vis- 
cosity, pH and neutralization number, precipitation, color, and odor. 
There are however, additional tests that may be conducted for a more de- 
tailed evaluation of the used oil. These might include metals analysis by 
atomic absorption or spectographic methods, infrared, X-ray diffraction, 
gel permeation chromatography, etc. 

The test results are subsequently reviewed and compared with the new 
oil specifications. Depending upon the nature or degree of departure 
from new oil, the laboratory will either approve the lubricant for contin- 
ued use or recommend the necessary corrective action. 


Evaljuation of New Lubricants 


Since most lubricant manufacturers conduct continuous research to de- 
velop lubricants with more desirable combinations of characteristics, it is 
difficult to state that any particular lubricant is the “best” lubricant. A 
lubricant that may appear to be the best this year may be surpassed by a 
newly developed lubricant next year. 

For this reason, it is advisable to give consideration from time to time 
to new lubricants offered by suppliers. Whenever new lubricants are 
evaluated, detailed laboratory analyses, field testing, and cost should in- 
fluence your ultimate decision. 

First, the specifications of the lubricant may be compared with those of 
the lubricant you are now using and other available similar lubricants. 
Specifications furnished by the supplier are usually limited to some of the 
basic physical properties of the lubricant and are sufficient to indicate its 
type and general composition. 

The specification and test data serve as good means for screening lubri- 
cants, but they do not give an absolute measure of the all-around perfor- 
mance of a lubricant in a given application. This can be determined only 
by observing its performance in actual service as closely as is practical. 

Price, of course, is also a factor in the purchase of lubricants. The end 
user must be certain, however, that satisfactory performance has been 
established before price becomes the deciding factor in procurement. A 
sacrifice in performance can often make a seemingly low-priced lubri- 
cant very expensive. Also, purchase of the highest priced lubricant gives 
no assurance of superior performance. 
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Lubrication Training 


Lubrication training is as important as any other training program for 
plant personnel. The increased skills and knowledge of the people re- 
sponsible for the actual application of lubricants can substantially in- 
crease reliability of costly production equipment. In addition, trained op- 
erating and maintenance personnel will be more alert to equipment 
malfunction and report conditions before the equipment actually fails. 

The prevention of unscheduled outage can reduce production losses 
and minimize maintenance costs, especially when catastrophic failures 
are prevented. 

Lubrication training of plant personnel includes instruction in basic 
principles of lubrication, the computer-assisted scheduling and notifica- 
tion program, lubrication procedures, and centralized lubrication sys- 
tems. 


Lubrication Methods and Procedures 


A highly rewarding phase of any lubrication program in most plants 
today is the adoption of improved methods for applying lubricants. 

Many oil mist and centralized systems have been installed. In almost 
every case outstanding improvement in lubrication has resulted. Machin- 
ery life has increased and appreciable overall savings realized. In initiat- 
ing such a program in a plant, it is important to keep records showing 
maintenance costs before and after installation of the new system to con- 
vince management of the value of continuing with this type of improve- 
ment. 

An essential factor in a program of applying centralized lubrication 
systems is the training of personnel who will operate this equipment. 
These same persons should have the responsibility of inspecting and 
maintaining the systems in proper operating conditions. 

We can now consider some of the more important methods and proce- 
dures that have been developed into very effective means of preventing 
failures and increasing improved machinery reliability: constant level 
oilers, oil-lubricated motors, grease-lubricated motors, bearing labyrinth 
purge, reservoir purge and vent system, gear coupling lubrication, and 
oil mist lubrication. 


Constant Level Ollers 
The oil in machinery equipped with constant level oilers as shown in 


Figures 12-9 and 12-10 must be routinely inspected visually to determine 
the condition of the working oil. The frequency of the visual inspection 
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Figure 12-9. Conventional constant level ollers. 





Figure 12-10. Constant level oil with equalizing tube (Oil-Rite Corporation). 
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can vary from one month to three months, depending on the severity of 
service. 

The operators must be continually aware that all oiler bowls contain 
oil. The frequency for checking these may vary from each shift to once 
weekly, depending on experience with each machine. 

The definition of “visual” is to drain approximately two ounces oil 
from the bottom of the bearing housing and to observe: 


1. Oil appearance—it should be normal color. Dark color change nor- 
mally indicates the oil has oxidized. Change the oil if it is discol- 
ored. 

2. Check for contaminants. Look for water, product, or dirt. Change 
the oil if it is contaminated. 

3. Verify that oil will flow into bearing after the two ounce bottom 
sample has been drawn. Air bubbles should rise from the bottom of 
the oiler bowl as oil flows into the bearing. If no air bubbles are 
observed, this indicates: 

a. The machine may be overfilled. Drain excess oil until air bub- 
bles begin to rise in bowl. 

b. The connecting pipe nipple between the oiler and bearing may be 
plugged with sludge. Remove the pipe nipple and oiler lower 
bowl and clean. 

c. The bearing housing vent may be plugged, creating an unequal 
pressure between the bearing and the oiler. 


Figure 12-10 illustrates a constant oiler with a balance line between the 
bearing housing and the oiler lower bowl. This type of installation is re- 
quired for bearing housings having an excessive back pressure or vac- 
uum. A constant level can be maintained in spite of pressure or vacuum 
in the housing as the equalizing type provides static balance of pressure 
between the bearing housing and oiler lower bowl. 


Oil-Lubricated Electric Motors 


Oil-lubricated motors are generally large frame designs. These motors 
may have oil supplied from a console common with the driven equip- 
ment. Alternatively, there could be an independent console just for the 
motor or each bearing housing could have its own oil supply. The first 
and second types are preferred since the oil condition in all consoles is 
monitored by oil analysis. The third type requires regular attention to ob- 
tain maximum bearing life. 

Motors with each bearing having a captive oil supply are checked 
weekly for oil level. At three month intervals the oil in each bearing is 
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checked visually. A sample is drawn from the bottom drain into a glass 
container and checked for appearance including moisture, dirt, or other 
discoloration. The oil should be changed if contaminated. This type of 
motor may be equipped with constant level oilers and in that case the pro- 
cedure for checking constant level oilers is applied. 


Grease Lubrication of Electric Motors 


Electric motors are relubricated at regular intervals based on size, 
speed, duty, and environment. 

The lubrication schedule for specific motors is shown on the computer- 
ized Programmed Lubrication Schedule. 

Grease-lubricated electric motor types are: 


1. Motors with grease inlet and outlet ports on the same side of the 
bearings, as shown in Figure 12-11. The bearings are commonly 
referred to as conventional grease flow design. 

2. Motors with grease inlet and outlet ports on opposite sides of the 
bearings, Figure 12-12. The bearings are commonly referred to as 
cross flow lube design. 


Each of these motor types requires a different lubrication procedure. 
The motor with inlet and outlet grease ports on the same side of the bear- 
ings must be lubricated with the motor stopped whereas the motor with 
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Figure 12-11. Single-shield motor bearing, with shield facing the grease cavity. 
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Figure 12-12. Open bearing with cross-flow grease lubrication. 


inlet and outlet grease ports on the opposite sides of the bearings must be 
lubricated with the motor running. 

Electric motor bearings should be regreased with a grease compatible 
with the original charge. It should be noted that the polyurea greases of- 
ten used by the motor manufacturers are not compatible with lithium- 
base greases. 


Single-Shielded Bearings 


To take advantage of single-shield arrangements in electric motors, the 
Phillips Petroleum Company developed three simple recommendations: 


1. Install a single-shield ball bearing with the shield facing the grease 
supply in motors having the grease fill-and-drain ports on that same 
side of the bearing. Add a finger full of grease to the ball track of 
the back side of the bearing during assembly. 

2. After assembly, the balance of the initial lubrication of this single- 
shielded bearing should be done with the motor idle. Remove the 
drain plug and pipe. With a grease gun or high volume grease 
pump, fill the grease reservoir until fresh grease emerges from the 
drain. The fill and drain plugs should then be reinstalled and the 
motor is ready for service. It is essential that the initial lubrication 
not be attempted while the motor is running. It was observed that to 
do so will cause, by pumping action, a continuing flow of grease 


566 Major Process Equipment Maintenance and Repair 


through the shield annulus until the overflow space in the inner car- 
tridge cap is full. Grease will then flow down the shaft and into the 
winding of the motor where it is not wanted. This will take place 
before the grease can emerge at the drain. 

3. Relubrication may be done while the motor is either running or 
idle. (It should be limited in quantity to a volume approximately 1/4 
the bearing bore volume.) Test results showed that fresh grease 
takes a wedge-like path straight through the old grease, around the 
shaft, and into the ball track. Thus, the overflow of grease into the 
inner reservoir space is quite small even after several relubrica- 
tions. Potentially damaging grease is thus kept from the stator wind- 
ing. Further, since the ball and cage assembly of this arrangement 
does not have to force its way through a solid fill of grease, bearing 
heating is kept to a minimum. In fact, it was observed that a maxi- 
mum temperature rise of only 20°F occurred 20 minutes after the 
grease reservoir was filled. It returned to 5°F rise two hours later. 
In contrast, the double-shield arrangement caused a temperature 
rise of over 100°F (at 90°F ambient temperature the resulting tem- 
perature was 190°F) and maintained this 100°F rise for over a 
week. 


Regreasing Double-Shielded Bearings 
1. Ball Bearings 


a. Pack (completely fill) the cavity adjacent to the bearing. Use 
necessary precautions to prevent contaminating this grease be- 
fore motor is assembled. 

b. After assembly, lubricate stationary motor until a full ring of 
grease appears around the shaft at the relief opening in the 
bracket. 


2. Cylindrical Roller Bearings 


a. Hand pack bearing before assembly. 
b. Proceed as outlined in (a) and (b) for double-shielded ball bear- 
ings. 


If under-lubricated after installation, the double-shielded bearing is 
thought to last longer than an open (nonshielded) bearing given the same 
treatment because of grease retained within the shields (plus grease re- 
maining in the housing from its initial filling). 

If over-greased after installation, the double-shielded bearing can be 
expected to operate satisfactorily without overheating as long as the ex- 
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cess grease is allowed to escape through the clearance between the shield 
and inner race, and the grease in the housing adjacent to the bearing is not 
churned, agitated and caused to overheat. 

It is not necessary to disassemble motors at the end of fixed periods to 
grease bearings. Bearing shields do not require replacement. 

Double-shielded ball bearings should not be flushed for cleaning. If 
water and dirt are known to be present inside the shields of a bearing 
because of water intrusion or other circumstances, the bearing should be 
removed from service. All leading ball-bearing manufacturers are pro- 
viding reconditioning service at a nominal cost when bearings are re- 
turned to their factories. As an aside, reconditioned ball bearings are 
generally less prone to fail than are brand new bearings. This is because 
grinding marks and other asperities are now burnished to the point where 
smoother running and less heat generation are likely. 


Regreasing Open Bearings 


Motors with open, conventionally greased bearings are generally lubri- 
cated with slightly different procedures for drive-end and opposite end 
bearings. 

Open bearings located at the motor drive-end should be regreased as 
follows: 

1. Relubrication with the shaft stationary is recommended. If possi- 

ble, the motor should be warm. 

. Remove plug and replace with grease fitting. 

. Remove large drain plug when furnished with motor. 

. Using a low pressure, hand operated grease gun, pump in the rec- 

ommended amount of grease, or use 1/4 of bore volume. 

5. If purging of system is desired continue pumping until new grease 
appears either around the shaft or out the drain plug. Stop after new 
grease appears. 

6. On large motors provisions have usually been made to remove the 
outer cap for inspection and cleaning. Remove both rows of cap 
bolts. Remove, inspect and clean cap. Replace cap, being careful to 
keep dirt from bearing cavity. 

7. After lubrication, allow motor to run for fifteen minutes before re- 
placing plugs. 

8. If the motor has a special grease relief fitting, pump in the recom- 
mended volume of grease or until a one inch long string of grease 
appears in any one of the relief holes. Replace plugs. 

9. Wipe away any excess grease which has appeared at the grease re- 
lief port. 


hwWN 
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Open bearings located at the outboard end of the motor should be re- 
greased as follows: 
1. If bearing hub is accessible, as in drip-proof motors, follow the 
same procedure as for the drive-end bearing. 
2. For fan-cooled motors note the amount of grease used to lubricate 
shaft end bearing and use the same amount for commutator-end 
bearing. 


Open bearings arranged with housings provisions as shown in Figure 
12-12, with grease inlet and outlet ports on opposite sides, are called 
cross-flow lubricated. Regreasing is accomplished with the motor run- 
ning. The following procedure should be observed: 


1. Start motor and allow to operate until normal motor temperature is 
obtained. 
2. Inboard bearing (coupling end): 


a. Remove grease inlet plug or fitting. 

b. Remove outlet plug. Some motor designs are equipped with ex- 
cess grease cups located directly below the bearing. Remove the 
cups and clean out the old grease. 

c. Remove hardened grease from the inlet and outlet ports with a 
clean probe. 

d. Inspect the grease removed from the inlet port. If rust or other 
abrasives are observed, do not grease the bearing. Tag motor for 
overhaul. 

e. Bearing housings with outlet ports: 


e@ Insert probe in the outlet port to a depth equivalent to the bot- 
tom balls of the bearing. 

© Replace grease fitting and add grease slowly with a hand gun. 
Count strokes of gun as grease is added. 

© Stop pumping when the probe in the outlet port begins to 
move. This is an indication the grease cavity contains an ade- 
quate quantity of grease. 


f. Bearing housings with excess grease cups: 


@ Replace grease fitting and add grease slowly with a hand gun. 
Count strokes of gun as grease is added. 

e Stop pumping when grease appears in the excess grease cup. 
This indicates the grease cavity contains an adequate quantity 
of grease. 
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3. Outboard bearing (fan end): 


a. Follow inboard bearing procedure provided the outlet grease 
ports or excess grease cups are accessible. 
b. If grease outlet port or excess grease cup is not accessible, add 
2/3 of the amount of grease required for the inboard bearing. 
4. Leave grease outlet ports open—do not replace the plugs. Excess 
grease will be expelled through the port. 
5. If bearings are equipped with excess grease cups, replace the cups. 
Excess grease will expel into the cups. 


Dry Sump Oil Mist Lubrication for Electric Motor Bearings 


Oil mist lubrication is a centralized system which utilizes the energy of 
compressed air to supply a continuous feed of atomized lubricating oil to 
multiple points through a low pressure distribution system of approxi- 
mately 20 inches water column. Oil mist then passes through a reclassi- 
fier nozzle before entering the point to be lubricated. This reclassifier 
nozzle establishes the oil mist stream as either a mist, spray, or conden- 
sate, depending on the application of the system. (See Volume 1.) 

For well over a decade, the oil mist lubrication concept has been ac- 
cepted as a proven and cost-effective means of providing positive lubrica- 
tion for centrifugal pumps. Centralized oil mist systems have also been 
used on gears, chains, and horizontal shaft bearings such as on steam tur- 
bines and steel rolling mill equipment. Although clearly demonstrated to 
be ideally suited for lubricating antifriction bearings in electric motors 
ranging from fractional horsepower to well over 1,000 horsepower, rela- 
tively few petrochemical installations have extended this superior lubri- 
cation concept to electric motors on a plant-wide basis. However, many 
experienced motor manufacturers are offering oil mist options as shown 
in Figure 12-13. 

The actual method of applying oil mist to a given piece of equipment is 
governed to a large extent by the type of bearing used. For sleeve bear- 
ings, oil mist alone is not considered an effective means of lubrication 
because relatively large quantities of oil are required. In this case, oil 
mist is used effectively as a purge of the oil reservoir and, to a limited 
extent, as fresh oil make-up to the reservoir. Rolling element bearings, 
on the other hand, are ideally suited for dry-sump lubrication. With dry 
sump oil mist, the need for a lubricating oil sump is eliminated. If the 
equipment shaft is arranged horizontally, the lower portion of the bearing 
outer race serves as a mini-oil sump. The bearing is lubricated directly by 
a continuous supply of fresh oil condensation. Turbulence generated by 
bearing rotation causes oil particles suspended in the air stream to con- 
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Figure 12-13. Oil mist lubricated bearings furnished with Siemens TEFC Motors from 18 to 
about 3000 kW. 


dense on the rolling elements as the mist passes through the bearings and 
exits to atmosphere. This technique offers four principal advantages: 


@ Bearing wear particles are not recycled back through the bearing, but 
are washed off instead. 

e The need for periodic oil changes is eliminated. 

e@ Long-term oil breakdown, oil sludge formation, and oil contamina- 
tion are no longer factors affecting bearing life. 

e@ The ingress of atmospheric moisture into the motor bearing is no 
longer possible and even the bearings of standby equipment are prop- 
erly preserved. Without oil mist application, daily solar heating and 
nightly cooling cause air in the bearing housing to expand and con- 
tract. This allows humid. often dusty air to be drawn into the housing 
with each thermal cycle. The effect of moisture condensation on anti- 
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friction bearings is extremely detrimental and is chiefly responsible 
for few bearings ever seeing their design life expectancy in a conven- 
tionally lubricated petrochemical environment. 


It has been established that loss of mist to a pump or motor is not likely 
to cause an immediate and catastrophic bearing failure. Tests by various 
oil mist users have proven that bearings operating within their load and 
temperature limits can continue to operate without problems for periods 
in excess of eight hours. Furthermore, experience with properly main- 
tained oil mist systems has demonstrated outstanding service factors. 

Also, when oil mist lubrication of motors is discussed, the question of 
oil intrusion into the motor windings is often raised. The concern is 
voiced that lube oil would enter the motor housing and cause damage to 
winding insulation or overheating until winding failure. Initial efforts 
were, therefore, directed toward developing lip seals or other barriers 
confining oil mist to only the bearing areas. 

When occasional seal failures were experienced on operating motors, 
oil mist entered the motor housings and coated the windings with lube 
oil. The potential explosion hazard was again investigated on this occa- 
sion and it was confirmed that the oil/air mixture was substantially below 
the sustainable burning point. The fire or explosion hazard of oil mist 
lubricated motors is thus no different than that of NEMA-II motors. No 
signs of overheating were found and winding resistance readings con- 
formed fully to the initial, as-installed values. 

Today’s epoxy motor winding materials will not deteriorate in an oil 
mist atmosphere. This has been conclusively proven in tests by several 
manufacturers as well as occasional incidents of severe lube oil intru- 
sion. In one such case, a conventional oil-lubricated, 3,000 hp, 13.8 kV 
motor ran well even after oil was literally drained from its interior. The 
incident caused significant dirt collection but did not adversely affect 
winding quality. 

The failure experience of hundreds of motor bearings with conven- 
tional grease or oil ring lubrication was compared with that of oil mist 
lubricated motors. Feedback from petrochemical units using dry sump oil 
mist lubrication showed them to experience far fewer bearing problems 
than similar units adhering to conventional lubrication methods. Failure 
reductions of 75 percent seem to be the rule and have been documented in 
many technical papers. Larger reductions have sometimes been 
achieved. Installations which already employ oil mist on pumps will of- 
ten find it possible to extend this lubrication method to the motor driver at 
a cost of approximately $50 per bearing. Needless to say, this is a fraction 
of the cost of replacing bearings or repairing consequential damage to 
motor windings. 
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Conversion to dry sump oil mist lubrication does not necessarily require 
that the motor be removed and sent to the shop. Motors with regreasable 
bearing lubrication are easiest to convert because they generally incorpo- 
rate neither oil rings nor bearing shields. However, oil lubricated bear- 
ings are also easily modified for dry sump lubrication by providing only 
the piped oil mist inlet, vent, and overflow drain passages. Oil rings must 
be removed because there is, of course, no longer an oil sump from 
which oil is to be fed to the bearing. Figure 12-14 shows the bearing 
shields removed in order to establish unimpeded passage from the oil 
mist inlet pipe through the bearing rotating elements and finally the vent 
pipe to atmosphere. However, recent experience shows that the inboard 
bearing shield does not have to be removed to ensure a successful instal- 
lation in horizontal motors. Only in vertical motors with thrust-loaded 
and/or multiple rows of bearings is it prudent to remove all shields and 
route the oil mist through the rotating elements. This is shown in Figure 
12-15 which, incidentally, illustrates a typical dry sump configuration 
for vertical motors. One such motor, rated 125 hp, 3,560 rpm, experi- 
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Figure 12-14. Dry-sump oil mist lubrication applied to horizontal electric motor. 
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Figure 12-15. Oil mist lubricated thrust bearings on vertical motor. 


enced frequent thrust bearing failures with conventional oil lubrication. 
Installation of dry sump mist apparently solved the chronic lubrication 
problem. Bearing housing temperature was lowered from 160°F to 
110°F after the conversion to dry sump lubrication. 

The simplicity of applying dry sump oil mist lubrication to a wide vari- 
ety of electric motors is evident from Figures 12-16 and 12-17. Sloped 
stainless steel inlet tubing is used from the distribution block to the bear- 
ings. The vent tubing is terminated in a transparent plastic container. 

It may be anticipated that a properly installed and maintained oil mist 
lubrication system will result in a high percentage reduction in bearing 
failure rates. It must be noted, however, that such bearing failure reduc- 
tions will not be achieved if the basic bearing failure problem is not lubri- 
cation related. Oil mist cannot eliminate problems caused by defective 
bearings, incorrect bearing installation, excessive misalignment or incor- 
rect mounting clearances. 

Additional information on oil mist lubrication principles is given later 
in this chapter. 
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Figure 12-16. Dry sump oil mist applied on Figure 12-17. Dry sump oi! mist applied on 
a vertical motor. a horizontal electric motor. 


Lubrication by Single-Point Automatic Grease Injectors 


Single-point automatic grease injectors as shown in Figures 12-18 
through 12-20 are a refinement of the age-old grease cup. Grease cups 
are, of course, small containers fitted to the bearing. The cup or con- 
tainer is filled with grease, which is forced into the bearing by manually 
forcing down the cap or piston covering the grease charge. 

Single-point automatic grease injectors differ from the traditional 
grease cup by employing either a spring or an expanding gas force to 
exert pressure on the cap, piston, or diaphragm in contact with the grease 
volume. These continuous force grease injection devices are screwed into 
the thread which would typically accommodate a grease fitting. They 
range in size from 0.9 oz (28 grams) to 3.8 oz (112 grams), or approxi- 
mately 26 cu. cm (1.6 cu. in.) to 120 cu. cm. (7.3 cu. in.) grease capac- 
ity. 

The device shown in Figure 12-18 is spring-loaded. It claims to “adjust 
the flow of grease to a bearing automatically, by the use of a new, more 
effective metering control principle. This is accomplished by a special 
piston O-ring seal that creates a changing level of friction as it moves 
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Figure 12-18. Spring-loaded single point grease injector. 
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Figure 12-19. Gas-activated single point grease injector. 
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Figure 12-20. Electrochemically activated single point grease lubricator. 


along the tapered wall of the transparent reservoir dome. The changing 
resistance is designed to counterbalance the changing force of the com- 
pression spring as it gradually expands. Because the lubricators operate 
with a single universal spring at the lowest reliable pressure (under 2 
psi), no grease is moved into the bearing until it is needed.” 

Variations in discharge flow rate are achieved by inserting different 
size orifices into the discharge nipple of this field-refillable lubricator. 

The device shown in Figure 12-19 consists of a cylinder containing a 
pressure generator and a piston which, in response to the pressure gener- 
ator, pushes the prepacked lubricant into the bearing. 

The pressure generator is a rubber bladder containing an electrolytic 
solution and a sealed plastic tube containing a galvanic strip of specially 
treated metal. When the injector is installed, the plastic tube is broken by 
the activating screw exposing the galvanic strip to the electrolytic solu- 
tion. This results in an electrochemical reaction within the bladder 
which produces a gas. As the bladder expands with the production of the 
gas, it pushes against the piston which in turn pushes the lubricant out of 
the injector and into the bearing. When all of the lubricant has been ex- 
pelled into the bearing over the life of the particular unit installed, this 
nonrefillable unit is thrown away and a similar unit installed and acti- 
vated. 

The rate of lubricant ejection is a function of the gas production which 
in turn is a function of time and rate of the electrochemical reaction. 
Consequently the rate of lubricant discharge can be predesigned into this 
device so as to accommodate the user’s discharge rate specifications. 

The manufacturer states that “should the lubricant discharge flow from 
the unit be restricted due to an increase in lubricant viscosity, hardening 
of the lubricant, or mechanical restriction in the lubricant flow line, the 
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flow would normally be reduced or stopped. It is a feature of the injector 
that under these conditions, the gas pressure will increase to a maximum 
of 136 psi until normal flow is restored. If, for some reason, resistance to 
lubricant flow is reduced, the lubricant flow will temporarily increase 
until an equilibrium condition between the amount of gas generated and 
the amount of lubricant discharged is again reached. 

“Discharge rates are affected by ambient temperature variations be- 
cause of the increase or decrease in the speed of the electrolytic action 
resulting from temperature changes within the bladder. As the tempera- 
ture rises, the discharge rate increases and as the temperature drops, the 
rate decreases. A sudden large rise in temperature also causes the lubri- 
cant to expand within the unit which will cause a temporary increase in 
discharge rate and conversely, a sudden drop in temperature will cause 
the lubricant within the unit to contract and result in a temporary de- 
crease in discharge rate until the gas production within the bladder com- 
pensates for the reduced volume within the unit resulting from the sudden 
temperature drop.” 

For lubrication of electric motor bearings ranging from 25 to 400 
horsepower, this injector manufacturer recommends a unit which, at an 
ambient temperature of 77°F (25°C), would discharge approximately 
0.166 cu cm per day and would be in service for 24 months. Elevation of 
the ambient temperature to 113°F (45°C) would increase the grease dis- 
charge rate by a factor of 4, to 0.66 cu cm per day, resulting in 6 months 
of service life for the device. 

The most intriguing working principle is found in the battery-powered 
grease dispenser shown in Figure 12-20. When a selector switch is closed 
both the electrochemical cell and the indicating ‘Blip’ light are activated. 
The choice of selector switch fixes the current and rate of gas generation 
in the electrochemical cell. Nitrogen gas is produced in the cell, and 
passes into the rubber gas chamber. The rubber chamber expands against 
the piston and pushes the lubricant into the bearing. 

The electrochemical reaction is able to produce several times more gas 
than is needed to dispense all the lubricant in normal use. Normal use 
means against no external resistance to lubricant flow. The dispenser is 
adjusted to deliver lubricant at the specified rate against atmospheric 
pressure (14.7 psi absolute). Added back pressure will reduce the dis- 
charge rate. 

It must be pointed out, however, that the continuous application of pres- 
sure to a quantity of grease, as experienced in most single point automatic 
grease injectors, may cause the grease to separate into its oil and soap con- 
stituents. Hence, there is the risk of injecting soap into bearings. 
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Bearing Labyrinth Purge 


Atmospheric water condensation in turbomachinery oil systems can be 
a serious detriment. Every reasonable effort must be made to prevent this 
source of contamination. 

Experience has proven that circulating oil systems can be kept free of 
water by modifying the bearing labyrinth to provide an inert gas or dry 
air purge on each atmospheric shaft seal on each bearing. Figure 12-21 
illustrates a typical bearing labyrinth purge system that has been success- 
fully used to prevent water contamination. 

Figure 12-22 illustrates the modification procedure. A 1/s-in. diameter 
hole is drilled through the bearing cap end wall to intersect the labyrinth. 
A 1/4-in. metal tubing from the purge hole in the bearing cap is connected 
to a 0-50 SCFH flow meter. The flow rate of the purge gas is adjusted on 
each seal to 10 SCFH with the flow meter. Increased flow may be re- 
quired depending on the condition of the seal to keep the oil water-free. 


Reservolr Purge and Vent System 


The vapor space in the oil reservoir should also be purged to keep the 
system water free. Experience has proven that 25-50 SCFH purge on the 
reservoir combined with the bearing labyrinth purge is required to main- 
tain a water free system. 

Check the reservoir vent. It must be located in the top or in the end or 
side near the top of the reservoir. It must be free of baffles that would 
collect and return condensate to the reservoir. Keep the length as short as 
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Figure 12-21. Bearing labyrinth purge system. 






Oo CS 
PACKING 


Storage Protection and Lubrication Management 579 


SINGLE GROOVE MULTITOOTH 
LABYRINTH BEARING COVER LABYRINTH 













DRILL AND TAP 
‘fe" PIPE THREAD 





DRILL” PURGE HOLE 





CAUTION: Do not allow drill to break into bearing housing. Purge holes 
must intersect center of labyrinth. 


Figure 12-22. Typical bearing seal purge. 


possible to provide a minimum surface on which water vapors could con- 
dense. When it is necessary to run the vent up and away from the reser- 
voir, a water trap should be provided as close to the reservoir as possible 
to prevent condensed water formed in the vent stack from entering the oil 
system. 


Gear Coupling Lubrication 


If a user elects to use gear couplings instead of nonlubricated coupling 
types, he should be made aware of their vulnerability. The gear coupling 
is one of the most critical components in a turbomachine and requires 
special consideration from the standpoint of lubrication. 

There are two basic methods of gear coupling lubrication: batch and 
continuous flow. In the batch method the coupling is either filled with 
grease or oil; the continuous flow type uses only oil, generally light oil 
from the circulating oi) system. 

The grease-filled coupling requires special quality grease. The impor- 
tance of selecting the best quality grease cannot be overemphasized. A 
good coupling grease must prevent wear of the mating teeth in a sliding 
load environment and resist separation at high speeds. It is not uncom- 
mon (Figure 12-23) for centrifugal forces on the grease in the coupling to 
exceed 8,000 Gs. 

Testing of many greases in high speed laboratory centrifuges proved a 
decided difference existed between good quality grease and inferior qual- 
ity grease for coupling service. Testing also showed separation of oil and 
soap to be a function of G level and time. In other words, oil separation 
can occur at a lower centrifugal force if given enough time. The charac- 
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Figure 12-23. Centrifugal forces in couplings. 


teristics of grease that allow the grease to resist separation are high vis- 
cosity oil (Figure 12-24), low soap content, and soap thickener and base 
oil as near the same density as possible. 

In the late 1970’s, a number of greases were tested for separation char- 
acteristics in a Sharples high speed centrifuge and for wear resistance on 
a Shell 4 Ball Extreme Pressure Tester. It was found (Table 12-2}, that 
Grease B exceeded all other greases tested in separation characteristics. 
Zero separation was recorded at all speeds up to and including 60,000 
Gs. Greases A, C, and D were rated poor in separation characteristics at 
all speeds tested. 

Table 12-3 illustrates how these four greases performed on the Shell 4 
Ball Extreme Pressure Tester in comparison with a typical Extreme Pres- 
sure gear oil. Based on these data, Greases A and B should provide excel- 
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Figure 12-24. Effects of lubricant viscosity on coupling wear. 


Table 12-2 
Centrifugal Separation—% Oil Extracted 





“G" LEVEL 

60,000 32,000 9,700 

GREASE 2.5 hr 6 hr 6 hr 
GREASE “A” 53 35 ~ 
GREASE “B” 0 0 0 
GREASE “C” 79 75 40 
GREASE “D” 51 _ ~ 

Table 12-3 


Shell 4 Ball Test—One Minute Wear Load 


KILOGRAM LOAD 


GREASE PASSED 
GREASE “A” 80 
GREASE “B” 90 
GREASE “C” 50 
GREASE “D” 20 


TYPICAL E.P. 140 OIL 90 
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lent wear protection in severely loaded service. Grease B is in fact used at 
a very large petrochemical company for all grease lubricated couplings 
regardless of speed and load ranges. 


Principles of Oll Mist Lubrication* 


The application of lubricants has always posed problems. Manual lu- 
brication of each point has disadvantages. Circulating systems pose prob- 
lems. Centralized grease systems satisfy some of these problem areas, 
but there are applications where they are limited, also. 

It is the purpose of this segment of our text to describe what mist lubrica- 
tion is, how mist lubricants are used, and what constitutes a mist lubri- 
cant. The discussion will define mist lubrication, trace some of its his- 
tory, and describe the equipment required. Then some of the properties 
of the lubricants will be outlined and how they are attained; and finally, 
the advantages of mist lubrication will be summarized. 


How Oil Mist is Applied 


Manual lubrication is time consuming and lacks dependability. Circu- 
lating systems entail large volumes of oil and pose the problem of dis- 
posal of the spent oil. Centralized grease dispensing systems have limita- 
tions, also. Speeds are often high enough that the grease is flung out of 
the bearing, or the heat created by the grease becomes excessive. All of 
these problems are overcome with mist lubrication. For a schematic rep- 
resentation, see Figure 12-25. 

Mist lubrication may be defined as a centralized lubrication system in 
which the energy of compressed gas is used to disperse the oil which is 
then conveyed by the gas in a low pressure distribution system to multiple 
points of application. Several key words in this definition, by one manu- 
facturer, require further emphasis. Centralized indicates one source of 
lubricant. The compressed gas is usually air. The dispersion is of micron- 
sized particles of oil, usually averaging around 1.5 microns. The low 
pressure is in the order of | to 2 psig, so it poses no confinement prob- 
lems. Multiple points can be lubricated by appropriately sizing the appli- 
cation fittings, as will be seen later. 

The idea of mist lubrication began in the late 1930’s. A bearing manu- 
facturer couldn’t lubricate a high speed spindle. The speed was high 


* Source: Products Training Course, compiled by P. E. Knoeller, Exxon Company, USA. 
Reprinted and adapted by permission of Exxon Company, USA. 
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Figure 12-25. Oil mist schematic. 


enough that grease was flung out. A liquid oil circulating system created 
too much frictional heat. The continuous film of lubricant provided by 
mist solved the problem. However, mechanical problems delayed the 
progress of mist systems. Air consumption was high and most of the oil 
coalesced in the piping. As little as 3 percent of the oil misted reached the 
point of application. 

But these problems were overcome in the 1950’s and the use of mist 
lubrication has spread to many industries. Recent refinements and im- 
provements have increased present and potential applications on a wide 
variety of machine elements. Automotive use is limited to off-highway 
vehicles due to the current environmental trends. Initially, trailer truck 
fleets were a target, but with mist there is a problem of disposition of the 
oil, as it is fed continuously. 

Now let us examine the basic components of a mist system and how 
they affect its operation. An air supply of 60-100 psig is required. The 
incoming air should be filtered as the internal part of the generator con- 
tains minute passageways. Also, the oil itself will tend to remove impuri- 
ties and they will build up in the reservoir. The next component is an air 
pressure regulator. This controls the inlet pressure, and hence the air 
flow rate, and ultimately the mist output. The mist generator is where the 
liquid oil is transformed into a mist. Then the airborne mist is conveyed 
into the manifold where it is distributed to the reclassifiers. These reclas- 
sifiers transform the oil into the desired form for the application. Electri- 
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cal power is required for auxiliaries as will be discussed later. The point 
is that mist systems are simple and contain no moving parts. Next, we 
examine each component and its function in detail. 

The generator operates on a venturi principle as shown in Figure 
12-26. The low pressure at the maximum velocity draws the oil up to the 
air flow where it is broken up into small droplets. “Atomized” is the 
term used, but it is technically inaccurate for this operation. The required 
air pressure varies, but usually 60 psig is adequate. A solenoid valve and 
alarm system to indicate status may be incorporated. A pressure reg- 
ulator to control the inlet pressure and a pressure indicator will normally 
follow. For systems intended to handle oils of over 700 SUS @ 100°F, an 
oil heater and/or an air heater may be included to increase the output. 
The generator is sized to fit the application and is usually in the neighbor- 
hood of 4 to 20 standard cubic feet per minute. The oil output is a func- 
tion of the venturi size and inlet air pressure. However, the oil output can 
also be affected by the characteristics of the oil as we will see later. The 
generator creates particles of 1.5 microns average size with a size distri- 
bution of approximately 0.5 to 2.5 microns. Those smaller than approxi- 
mately one micron are difficult to coalesce again and those larger than 
two microns are removed by the outlet baffle and remain in the reservoir. 
Thus, particle size of the mist generated is an important factor. 

Now let’s turn our attention to the outlet side of the generator. The baf- 
fle, as mentioned previously, removes the larger particles that would 
subsequently coalesce in the distribution piping; hence only particles 








VENTURI 


AIR INLET ————> 


OIL LIFT OP PARTICLES 


SUCTION TUBE 


Figure 12-26. Principle of oil mist generation. 
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smaller than approximately two microns enter the manifold. These drop- 
lets are pneumatically conveyed through the manifold to the application 
fittings. The velocity of the oil in the manifold is a factor that must be 
considered. Design velocity should be less than 20 ft/sec in order to mini- 
mize the amount of oil coalesced in the distribution system. However, 
even under ideal circumstances some oil coalesces in the manifold, but 
this is usually only 10-20 percent of the generator output. For this rea- 
son, the manifold is usually sloped back toward the generator to avoid 
formation of low spots where liquid oil can accumulate and prevent the 
passage of the mist. 

Manifold pressures vary from 5-40 inches of water, or approximately 
1/4 to 11/2 psig. It is through the manifold pressure that the air flow and 
hence oil flow are controlled. Some mist units are designed around a 
generator output of .4 cubic inches of oil per cubic foot per minute of air 
throughput. This translates to .00023 parts of oil per part of air, or 1 in 
240,000, to give some idea of the mist density. The manifold pressure 
must be correlated with the applications and the various fittings involved. 
The mist system oil flow will depend on the manifold pressure, the vis- 
cosity of the oil, and the temperature of operation. 

Another interesting concept via which a mist is generated is the Vortex 
Mist Generator. This unit, originally developed by Farval, relies on a 
swirling action of the air to create the vacuum. As the air approaches the 
small end of the funnel, it reaches near supersonic speed, and as well as 
drawing the oil in, it tears it into small particles. Other principles and 
accessories for this unit are the same as the other mist units. 

The four most common types of application fittings used with mist lu- 
brication are pure mist, spray, condensing, and purge mist. These four 
types are shown in Figure 12-27. Each particular type has its own appli- 
cation. The fitting is sized to control the air flow rate and, consequently, 
the oil flow rate. However, the ultimate throughput is dependent on the 
manifold pressure. 

The first type of fitting we will address is the spray or wetting spray 
fitting. This type is usually used on slower moving rolling motion appli- 
cations. Examples of these are gears, chains, and antifriction bearings 
under certain conditions. 

The second type of fitting is the pure mist fitting. This type is generally 
for the same applications as spray fittings, particularly where odd geo- 
metric designs are encountered and antifriction bearings are in enclosed 
housings. This type will also be found in high speed applications. The 
fitting merely meters the amount of oil to the machine element and relies 
on the turbulence of the air to coalesce the oil within the application. The 
relative velocity of the machine element versus that of the mist will cause 
the wetting out or condensation. 
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Figure 12-27. Application fittings. 


The third common type of mist fitting is the condensing fitting. This 
type is generally used for sliding motion elements, such as plain bear- 
ings, slides and ways. There is no turbulence at the point of lubrication so 
the coalescing must be done by the fitting. This is done by creating the 
turbulence within it. 

The fourth, or purge mist fitting, introduces oil mist into a bearing 
which is lubricated by a conventional “wet” sump. 

Mist fittings are usually located as near to the objects they are lubricat- 
ing as possible. This will often provide a positive pressure on the applica- 
tion. This in turn gives some protection from airborne dirt and corrosive 
air. It also provides protection from casual moisture, but not from high 
pressure water jets, etc. The proximity of the fitting also offers a slight 
cooling effect, bearing in mind that there are 240,000 parts of air per part 
of oil passing through. 

There are several manufacturers of mist equipment such as Alemite, 
Lubrication Systems Company, Norgren and Trabon. Most are basically 
identical in principle with the venturi above the oil supply as we have 
seen. The vortex principle is relatively new and should be added to this 
list. 

A host of auxiliary equipment is available to aid in the operation of 
mist systems. The most common are oil and/or air heaters that heat these 
fluids. The purpose of this is to reduce the oil viscosity to increase the 
ease with which the mist is formed. Level indicators may be installed on 
the reservoir and the reservoir supply, and these may be equipped with 
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alarms that sound if the level is abnormal. Also, alarms may be installed 
on the air inlet and manifold to indicate anomalies in these places. Some 
vendors are offering a “mist monitor” on their system that monitors the 
density of the mist entering the manifold and warns if it becomes abnor- 
mally low. 


Oil Mist Properties 


ASTM has devised a procedure for evaluating misting properties of lu- 
bricants which is designated as D-3705. This procedure utilizes an 
Alemite mist unit and all the components of an industrial installation. 
One major point to be made here is the simplicity of the system. The gen- 
erator is a 5-quart reservoir with a nominal 4 CFM mist head. Commer- 
cial units are available from less than 1 to approximately 40 CFM. The 
test unit has air and oil heaters which for comparative work are set at 
40°C. It incorporates an air flow meter on the air inlet as well as a filter, 
pressure controller, and pressure gauge. The generator feeds one oil 
spray nozzle through the angled pipe simulating the distribution mani- 
fold. The oil spray nozzle has 11 holes in it, each .067 inch diameter. The 
unit, after being cleaned, is filled with a known amount of oil. After run- 
ning for 19 hours, the oil reclassified and the oil coalesced in the mani- 
fold are weighed and that escaping as stray is calculated by difference. 
This method is being used, although with different equipment, to formu- 
late the various oil mist lubricant grades. The general intent is to maxi- 
mize the amount of oil delivered to the point of application per unit of air 
throughput. 

With this brief introduction to the equipment involved with mist lubri- 
cation, let us now turn to the properties of the lubricant itself. 

Oils designed for use in systems such as this usually have good mist 
generation characteristics and desirable reclassification characteristics. 
Both are economic advantages for the consumer with the latter reducing 
housekeeping and ecological problems. These two properties are proba- 
bly those unique to mist lubricants, but other industrial lubricant proper- 
ties such as extreme pressure and antiwear characteristics cannot be ig- 
nored. We now want to outline the properties of the lubricants and see 
how they are attained and how they affect performance. 

Mistability, to use a coined word, will be defined as the ease with 
which the lubricant can be transformed into a mist. However, the mist 
must be of such a nature that it can be controlled. If it is too fine, the 
reclassification fittings will not coalesce enough oil out of the air and ex- 
cessive amounts of oil will escape as stray mist. If the mist droplets are 
too large, they will not escape from the generator and the delivery rate 
will suffer radically. 
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The conventional mist lubricator utilizes compressed air directed 
through a venturi or vortex generator to create a vacuum. This vacuum 
draws oil up from the reservoir into the air stream where it is broken into 
small droplets. 

The size distribution of the droplets controls the proportion of oil 
picked up to that carried into the manifold. 

If the particles generated are too large, they are knocked out of the air 
in the mist generator and fall back into the reservoir. This merely reduces 
the ratio of oil to air exiting and increases the operating cost. Conversely, 
if all the droplets are of a very small size, they will be readily carried into 
the manifold, but are difficult to coalesce at the point of application. This 
results in higher stray mist losses. Oil B would have a lower generation 
rate than Oil A in Figure 12-28, but Oil A would be more difficult to 
recover at the reclassifiers. 

Under ideal circumstances, the oil droplets would all be of the same 
size but to date this has not been achieved, probably due to the random 
chemical composition of mineral oils. 

An examination of the factors that affect the mistability indicates that 
there are three major variables: 


1. Base Oil 
2. Additives 
3. Operating Conditions 


Base oil type has little effect on mistability as will be seen later. The 
viscosity of the base oil, however, can have a more noted effect under 
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Figure 12-28. Effect of increasing particle size. 
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given operating conditions. The higher the oil viscosity, the lower the 
mistability. This is shown in Figure 12-29. 

It must be pointed out that this is a general pattern under specific oper- 
ating conditions and can be upset by radically varying the operating con- 
ditions of the mist system. 

The second major factor that affects mistability is the additive system 
of the oil. Certain polymeric materials when added to the mineral oil will 
drastically affect the mistability. This is displayed by the data accumu- 
lated in Figure 12-30. 

This indicates that the motor oil contains an additive package that 
changes the particle size distribution such that more oil is recirculated 
within the generator and less is permitted to enter the distribution mani- 
fold. This detrimental effect is probably due to the viscosity index im- 
prover which is a high molecular weight polymer. However, the more 
optimistic side of this situation is that there are polymers available that 
will not reduce mistability greatly, but do improve the reclassification 
characteristics of a mist lubricant as will be seen later. These additives 
affect the mistability as shown in Figure 12-31. 

This displays that the mistability is reduced but the greater reclassifica- 
tion at the point of application represents a substantial reduction in stray 
mist, so that the loss to the atmosphere at the application becomes very 
small, The net result is that almost as much liquid oi] reaches the point of 
application. 

The third variable affecting mistability is the operating conditions of 
the mist unit. The air volume passing through the generator dictates the 
amount of oil picked up. Increasing the air flow will generally increase 
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Figure 12-29. The higher the oil viscosity, the lower the mistability. 
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Effect Of Additive 
460 VIS 465 VIS 
Product SE Motor Oil Mist Oil 
Temperature, °F 75 75 
Delivery Rate, 2.95 19.96 


Grams/ Hour 





Figure 12-30. Certain polymeric materials added to the mineral oil will dramatically affect 
the mistability. 
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Figure 12-31. Some polymers Improve the reclassification characteristics of a mist lubri- 
cant. 


the amount of mist generated. Another change that can be instituted is 
that the operating air temperature can be increased which will increase 
the amount of mist generated. This is shown in Table 12-4. 

The data indicate, as would be expected, that increased temperatures 
can significantly increase mistability. This phenomenon is due simply to 
the fact that elevated temperatures decrease oil viscosity and it has been 
shown that lower viscosity oils mist better than those with higher viscosi- 
ties. 

The most reliable method of determining the mistability of a lubricant 
is to quantitatively measure the amount of oil removed from the genera- 
tor in a known period of time with a known air flow. Then it can be deter- 
mined if the oil is being misted at a rate near that of the mist system de- 
signer’s intent and the requirement of the application. 
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Table 12-4 
Effect of Temperature—Delivery Rate, Grams/Hour 
Air temperature, °F 700 ViS Oil 2100 VIS Oll 
75 19.50 _ 
150 49.90 39.92 
175 _ 46.72 
200 _ 48.54 


After the mist has been created and delivered to its point of application, 
in order for it to be useful it must be coalesced to provide a continuous oil 
film to the machine element being lubricated. While a rapidly moving 
application can coalesce the oil itself, slow moving parts must rely solely 
on the mist system reclassifiers to do this. 

Two other considerations from the lubricant standpoint are that reclas- 
sification in the manifold is undesirable and also that stray mist is unde- 
sirable. Again, the objective is to get the most oil to the application since 
what is reclassified in the manifold usually drains back to the reservoir 
and recycles. That which escapes as stray mist is costly and could possi- 
bly create environmental problems. 

The reclassification characteristics of a mist oil are also largely depen- 
dent upon the particle size created in the generator. Referring back to our 
bell-shaped curve of particle size distribution, it can be deduced that the 
smaller particles are more difficult to coalesce and most likely to escape 
as stray mist while the larger ones will be more easily coalesced. This is 
also an important consideration involved in the selection of a mist lubri- 
cant additive system. 

It is the objective of the mist lubricant to provide a product that gives 
the maximum amount of oil per unit volume of air to the application. 
However, with the Occupational Safety and Health Act of 1970 limit of 5 
mg. of oil mist per cubic meter of air in inhabited areas, it is now neces- 
sary to control stray mist as well. Previous to this innovation stray mist 
was only undesirable due to its unsightliness and housekeeping detri- 
ments as well as its wasted cost. It should be noted, however, that “closed” 
loop oil mist systems are feasible and have been in highly successful service 
for decades. 

The reclassification characteristics of a mist lubricant are dependent 
upon certain oil additives and the mist system’s operating conditions. 
Stray mist suppressants do, in fact, reduce the amount of stray mist dissi- 
pated but, as mentioned previously, affect the delivery rate and manifold 
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reclassification. However, they do help to keep the stray mist to a tolera- 
ble level. 

Table 12-5 represents a laboratory situation, but it does display the ad- 
vantage of a mist lubricant over a mineral oil used in mist applications. 
While the amount reclassified is reduced by only 15 percent, the stray 
mist is reduced by 77 percent. 

The air flow rate or manifold pressure of the mist system can also af- 
fect the quantity of stray mist. Usually an increase of these two variables 
will tend to reduce the stray mist strictly because as the air flow is in- 
creased through the reclassifier, its efficiency improves. However, at in- 
creased air flows, the quantity of oil coalesced in the manifold usually 
also increases. This is because the maximum design air velocity has been 
approached or exceeded. The design air velocity in the manifold should 
be in the neighborhood of 15 to 20 ft/sec, and if this is exceeded, it will 
cause more impingement on the sides and at turns which increases the 
amount coalesced enroute to the reclassifiers. 

The most accurate measure of lube oil reclassification characteristics is 
obtained by actually misting it and preparing a material balance on the 
operation. Small test rigs are available for this purpose. 

The mist lubricant is, for the most part, mineral base oil blended with 
additives required for the application. The choice of base oil type is de- 
pendent upon the general conditions under which the lubricant is to be 
used. Where the application is outside, the oil is light in viscosity, and 
there is no external heat, a naphthenic base oil is probably a better choice 
as it inherently has a lower pour point. Where heavier equipment is in- 
volved and the oil is heated due to its higher viscosity, a paraffinic base 
oil would be better due to its greater inherent oxidation stability. As men- 
tioned previously, both behave nearly the same under a given set of oper- 
ating conditions. However, the effect of the viscosity index will be seen 
to some extent as shown in Figure 12-32. 


Table 12-5 
Distribution of Oll Generated 


Generation Distribution, % 
Rate “———€oalescedin———i‘C«~*~*# 
__GramefHir__Reciassified_ The Manifold__Stray Mist__ 
Uninhibited Oil 40.8 64.5 (26.3) 15.2 (6.2) 20.3 (8.3) 
Mist Oil 30.6 72.8 (22.3) 20.9 (6.4) 6.3 (1.9) 
(Figures in parentheses are grams) 
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Figure 12-32. Effect of the viscosity index. 


This shows that the viscosity of the naphthenic oil, although the same 
as the paraffinic at 100°F, will be slightly lower at higher temperatures. 
Consequently, it will mist slightly more readily, but this phenomenon is 
usually overcome by other factors such as the mist unit operating condi- 
tions. 

The viscosity will usually be determined by the application involved. 
Often a host of applications are being lubricated by a given system, so the 
viscosity is a compromise. 

The lubricant supplier usually has several viscosity grades of each type 
of base oil available and can blend similar types to the required viscosity 
before treatment with additives. 

The option to blend the two types in order to attain intermediate prop- 
erties also remains, but this has little advantage except economics in cer- 
tain instances. This can also result in fictitious viscosity indices. 

EP and antiwear additives are not always needed in mist supplied appli- 
cations, but oil mist is often applied to such a variety of machine elements 
that even from one generator there are probably several points of lubrica- 
tion that benefit by these additives. Consequently, most mist lubricants 
contain extreme pressure additives. These systems are often currently 
composed of sulfur or sulfur-phcsphorus components. This is partially 
due to the recent ecological resistance to lead and certain other heavy 
metals. Chlorine is another source of EP properties, but is a bit more 
difficult to inhibit against corrosion of ferrous elements. The EP and 
antiwear properties of mist lubricants are measured by conventional lab- 
oratory tests. 
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Mist lubricants are most often utilized to lubricate ferrous machine ele- 
ments so corrosion must be considered. In operating plants, moisture and 
corrosive air are often in contact with the equipment. Some applications 
are in contact with water which invites rust, especially during shutdown 
periods. Lubricants can be inhibited against ferrous corrosion with such 
inhibitors as sulfonates or naphthenates with little or no effect on other 
properties. 

Consideration must also be given to corrosion of copper-containing al- 
loys as these metals are occasionally used in the construction of the mist 
generators and in such applications as brass bearing cages that may be 
lubricated with mist. Since copper corrosion is usually caused by the 
choice of EP additives, careful selection of these additives is necessary. 
Another method of minimizing copper corrosion is through the use of 
metal deactivators. These materials render vulnerable surfaces less likely 
to react with the active compounds and hence prevent any accumulation 
on them. The result is that the lubricant will display very good corrosion 
test results. 

Corrosion inhibition is measured through a host of different laboratory 
tests, with the D665 corrosion test being the most common. 

The older mist systems are generally a once-through operation where the 
oil is put in the mist generator, misted to the point of application, and not re- 
turned to the system. Its life in the generator is short, as it is in the final 
use, but both places may be relatively warm so oxidation stability cannot 
be overlooked. The elevated temperatures encountered in the generators, 
coupled with the constant aeration that is created, tend to invite oxidation 
of the oil or the additives. However, the highest recommended operating 
temperature for mist systems is in the neighborhood of 175°F which, 
when coupled with the short life of the oil in the generator, is not very 
detrimental to the mist lubricant of this vintage. Oxidation is overcome 
by careful selection of the base stock and the use of an oxidation-resistant 
additive system and, if necessary, the use of an oxidation inhibitor. 

Oxidation resistance is measured again through a variety of laboratory 
tests designed for this purpose. 

Mist lubricants, while not utilized where the final use requires an anti- 
foaming oil, are aerated in the reservoir to the point that an excessively 
foaming oil can create problems. Again, for this reason, the foam tenden- 
cies of mist lubricants must be considered. Most base stocks seldom have 
the tendency to foam, but foaming can be caused by miscellaneous addi- 
tives. Therefore, it is necessary to ensure that the EP, antiwear, corrosion 
inhibitors, or other additives incorporated in the mist lubricant do not im- 
part foaming tendencies to the finished oil. Foaming tendencies of mist 
lubricants can be readily measured by the ASTM test method designed 
for this purpose. 
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The foregoing are the more obvious properties to be incorporated into 
mist lubricants, but there are other more subtle properties that may be 
built in. One such property that is not easily detected is the tendency of 
an additive system to deplete while in service. Some EP additives tend to 
deplete as their chemical constituents react or adhere to the surfaces that 
they are protecting. This may be particularly prevalent in mist generators 
where the oil is warm, constantly recirculated, and highly aerated. This 
property has historically been overcome in one of two ways. One is by 
the choice of an additive system that will not behave in this way at an 
appreciable rate due to its chemical composition. The other is by the ad- 
dition of a depletion inhibitor to the compounded lubricant. Additive de- 
pletion has diminished as a problem with the current additive systems that 
are available. 

Another such property relative to stability is that it is intolerable to 
have a mist lubricant that does not deliver exactly the same oil through 
the reclassifiers as that which is put in the generator. This situation indi- 
cates that some component of the lubricant is not misting properly and the 
result will be the buildup of this component in the mist unit reservoir. 

These two properties are occasionally related to the base oil by the 
phenomenon that paraffinic oils tend to have less desirable solubility 
characteristics than the lower viscosity index oils. However, as previ- 
ously stated, the paraffinic oils offer better thermal stability and thus pro- 
vide an advantage in use at elevated temperatures. 


The stability of mist lubricants can only be measured by chemical anal- 
ysis of the fresh oil and that of an aged portion. The ideal circumstances 
for aging are actual field service, but accelerated laboratory tests are of- 
ten utilized. 

We have outlined some of the properties of the industrial mist lubri- 
cants and how they are attained. It should be kept in mind that the user 
wishes to have the maximum oil delivery to the application per unit vol- 
ume of air with a minimum of loss or coalescing in the lines. These char- 
acteristics can be incorporated by careful selection of required additives 
in appropriate base oils. ASTM has recently standardized a misting prop- 
erty test unit and a procedure for determining the misting characteristics 
of mist lubricants. This is another step in the sophistication of the lubri- 
cant testing area, but the real proof of a mist oil, as any lubricant, is its 
field performance. 


Finally, we must mention the highly favorable results reported by in- 
dustrial users of dibasic ester synthetic lubricants in oil mist systems 
serving pump and electric motor bearings. The reader would be well ad- 
vised to consider these superior lubricants for oil mist applications in a 
typical petrochemical plant. 
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Principles of Grease Lubrication’ 


Handling and Dispensing Properties 


The first thing that has to be considered in any application is, can a 
grease be transferred to the part being lubricated? This, of course, de- 
pends on how the grease is to be transferred—by the simplest method of 
hand packing or swabbing it onto bearings and gears, by the somewhat 
more sophisticated pressure-gun, or by the more modern means, a cen- 
tralized system. Regardless of the method of application, the suitability 
of the grease for that method is determined by two properties: 


1. Consistency of the grease in its container. 
2. Viscosity when it is flowing in piping, pumps, etc. 


Consistency 


Consistency is the degree of stiffness or hardness of a grease and is 
defined as “the resistance of a plastic substance, such as grease, to defor- 
mation under the application of force.” 

Obviously, therefore, the grease in the container—at the temperature 
of application—must not be so hard that it cannot be removed from the 
container, and yet be stiff enough at the operating temperature to be re- 
tained where it is needed. 

Consistency is measured by the ASTM Cone Penetrometer. This is 
simply a scientific way of poking your finger into the grease to see how 
soft or hard it may be. The method consists of allowing a weighted metal 
cone to sink into the grease for five seconds and measuring, in tenths of a 
millimeter, the depth to which the point penetrated below the surface. 
This depth is known as the “penetration” of the grease. Thus the higher 
the penetration, the softer the grease. 

In order to separate the wide range of available grease consistencies 
into smaller, more practicable classifications, the National Lubricating 
Grease Institute (NLGD has established nine penetration ranges or NLGI 
grades as shown in Figure 12-33. Grade 000 is the softest with the high- 
est penetration numbers, and Grade 6 is the hardest with the lowest range 
of penetration. 


* Source: Products Training Course, compiled by P. E. Knoeller, Exxon Company, USA. 
Reprinted and adapted by permission of Exxon Company, USA. 
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Figure 12-33. Grease consistency grades. 


Viscosity 


Viscosity is defined as a measure of the resistance of a fluid to flow. 
Hence, for greases, it is the “yardstick” that is applied when flow in 
pipes and bearings is under consideration. 

Thickened greases offer complications as compared to simple fluids 
such as oils, water, or even asphalt, which are known as “true” or New- 
tonian fluids. With these, the viscosity is constant regardless of how fast 
they are being moved. Viscosity can be expressed mathematically as the 
ratio of shear stress (the force causing the fluid to flow) to the shear rate. 
For Newtonian fluids this ratio remains constant, since as the rate of 
shear increases, a proportionately greater force is required to move the 
fluid. 

With greases, this ratio does not remain constant, that is, the force re- 
quired to move or shear a grease does not increase proportionately with 
the shear rate. Consequently, we cannot correctly use the term “viscos- 
ity” for greases but must refer to their “apparent viscosity.” This is what 
the viscosity appears to be at any given shear rate. Since the apparent 
viscosity will be different for each different shear rate, the shear rate 
must always be stipulated whenever an apparent viscosity is quoted for a 
grease. Also, as in the case of Newtonian or true fluids, the temperature 
at which the viscosity or apparent viscosity determination is conducted 
must be stated. 

Shear rate is defined as the rate of slip within a substance engaging in 
flow. If the substance is between parallel surfaces moving relative to 


598 Major Process Equipment Maintenance and Repair 


each other, shear rate is equal to the relative velocity of the two surfaces 
divided by the distance between them and is expressed as the reciprocal 
of time, usually “reciprocal seconds.” 

It can be shown that the apparent viscosity of a grease decreases from a 
very high value at low shear rates to a much lower value at high shear 
rates and will eventually approach the true viscosity of the base oil in the 
gtease. 

Apparent viscosity is of particular concern to manufacturers of dis- 
pensing equipment, since they must design their equipment to handle 
many different types of greases. It is a matter of concern to the user pri- 
marily when dispensing equipment is to be operated at low ambient tem- 
peratures. 


Working Properties 


The properties of a grease that may show it to be suitable for the 
method of application are not sufficient to indicate if it will work in the 
unit being lubricated. The latter can be referred to as the “Working Prop- 
erties.” 


Consistency Stability 


Effect of mechanical working on consistency. The most fundamental work- 
ing property of a grease is its ability to return to the consistency needed 
for proper performance after prolonged shearing or mechanical working. 
While shearing is taking place, the grease in the immediate area of the 
moving surfaces assumes semi-fluid to fluid characteristics depending on 
the rate of shear, but as soon as the process of working stops (shear rate 
becomes zero), the grease should, ideally, resume its desired consistency. 
For most applications, this desired consistency is approximately the orig- 
inal consistency of the grease in the container, but in some instances it is 
desirable for the grease to become materially stiffer after being subjected 
to the action of the working part. For example, greases used in high- 
speed ball bearings should harden to a controlled degree so that they will 
channel and stay out of the way of the rapidly moving parts, but at the 
same time allow small quantities to migrate to the contacting surfaces to 
provide lubrication. 

There are a number of ways of measuring mechanical or shear stabil- 
ity, the most common being by prolonged working (at least 10,000 
strokes) in a Grease Worker (ASTM or Federal Test Method) and by the 
ASTM Roll Stability Test. In both methods, the change in consistency of 
the grease is measured after being subjected to several hours of working 
in the test apparatus. 
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Both of these methods can be considered only as screening tests to de- 
tect radical changes that may take place at low shear rates. Most machine 
elements subject greases to much higher shear rates and, of course, for 
much longer periods of time. The ultimate criterion is to determine the 
performance of the grease by trial in the machine itself. 


Effect of temperature on consistency. It is necessary that a grease not be- 
come excessively soft or hard with changes in temperature. Although 
most soap thickeners become softer with increases in temperature to the 
point where they are essentially a fluid, some become progressively 
harder upon exposure to high temperatures. Nonsoap thickeners as a 
whole show very little change in consistency with a temperature in- 
crease. 

It is quite difficult to obtain a valid measurement of the effect of heat 
over prolonged periods since time of exposure to higher temperature lev- 
els has a profound effect on consistency characteristics. The ASTM 
Dropping Point Test indicates the temperature at which a grease becomes 
sufficiently soft to flow under the force of gravity but does not relate to 
high temperature service capability. However, since different thickeners 
have fairly characteristic dropping points, this test can be used as a means 
of identification. 

The ASTM Trident Probe Method provides a curve of apparent viscos- 
ity versus temperature over a wide temperature range (R.T. to +315°C 
[+600°F]). This is some indication of its consistency, or flow proper- 
ties, but it must be remembered that these results are for low shear rates, 
far below what is normally experienced in operating bearings. 

Change in consistency or apparent viscosity as temperatures go below 
room temperature is primarily a function of the viscosity of the oil and is 
much less time-dependent. It can be determined by measuring the pene- 
tration and apparent viscosity at the desired temperature level. 


Effect of water on consistency. A grease that comes into contact with rela- 
tively large quantities of water—as opposed to the small amount that may 
be introduced by condensation from a high humidity environment—must 
obviously contain a thickener that is not water soluble. Otherwise, it will 
emulsify, fluidize and not be capable of staying where it is needed. 

One of the few generalizations that can be made is that calcium, lith- 
ium, and aluminum soaps are highly water resistant, and hence greases 
made from them should also be water resistant. Conversely, sodium soap 
greases have a reputation for poor water resistance, although they fre- 
quently display good resistance to cold water. 

Water resistance can be measured by several methods. A common and 
very practical method is to work increasing increments of water into the 
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grease until it fluidizes or until it rejects any further addition of water 
without becoming fluidized. A modification of this is to work a given 
quantity of water, such as 10 percent of the grease weight, into the grease 
and measure the change in consistency (see Specification MIL-G- 
10924C). Another method is by the ASTM Water Washout Test—this 
simulates the action of water on grease in a shielded or incompletely 
sealed ball bearing. A fourth method is to measure the grease retention 
on a steel plate after exposure to a specified water spray. The test method 
chosen should be reasonably analogous to the expected exposure to wa- 
ter. The Water Washout Test would not be suitable for an open bearing 
operating under water. Conversely, basing the choice of grease on its 
ability to withstand large volumes of water when only exposure to con- 
densation is expected, may restrict the choice to greases that are unsuit- 
able in other respects. 

Ability to resist the effect of water on consistency change is not syn- 
onymous with rust protection. Many highly water-resistant greases pro- 
vide very poor rust protection. Conversely, greases that combine readily 
with water generally offer good rust protection up to the point where 
complete washout occurs, this being particularly true of sodium soap 
greases. 

Rust protective properties of greases are now measured almost univer- 
sally by the ASTM Corrosion Prevention Test. In this test a tapered roller 
bearing coated with the test grease is dipped into distilled water, re- 
moved, and stored for 48 hours at 52°C (125°F) and 100 percent relative 
humidity. The presence of rust spots just visible to the naked eye deter- 
mines if the grease fails the test. 


Oxidation Stabllity 


Greases will deteriorate from oxidation of both the petroleum oil and 
the thickener, particularly if the latter is a soap. Although the effects of 
oxidation can be quite varied, it is generally manifested as hardening 
throughout the grease, formation of varnish-like films, and eventual car- 
bonizing. This is caused primarily by polymerization of the oil or soap, 
or both. 

Rate of oxidation is profoundly affected by temperature, being approx- 
imately doubled for each 10°C (18°F) increase in temperature. Thus a 
grease that could provide 18 months of useful service at 100°C (212°F) 
before relubrication is necessary should, theoretically, require replace- 
ment every two months if the temperature were increased to 130°C 
(266°F). 

Depending on their intended use, greases can be made to range in oxi- 
dation stability from those suitable for periods of service of only a few 
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months at moderate temperatures to those that will operate for several 
thousands of hours of continuous operation at 149°C (300°F). In the lat- 
ter case, this is accomplished by the selection of highly stable compo- 
nents and the use of potent inhibitors which prevent the oxidation reac- 
tion from proceeding. 

The ability of a grease to withstand oxidation under dynamic condi- 
tions such as encountered in service can, at present, only be determined 
by running the grease in test rigs which simulate actual service condi- 
tions. Manufacturers of sealed-for-life anti-friction bearings, and of 
other sealed machinery, wherein the grease is intended to last the life of 
the machine, must rely heavily on functional testing such as the ASTM 
Lubrication Life Test (D 3336). 

A popular bench test for oxidation stability is the ASTM Bomb Oxida- 
tion Test. Here, the grease is placed in a steel container or “bomb” con- 
taining pure oxygen at 758 kPa (110 psi) pressure and 99°C (210°F). As 
the grease reacts with the oxygen, the pressure of the oxygen decreases. 
This pressure drop is recorded versus time. 

The bomb oxidation test should not be used as an indication of oxida- 
tion stability under dynamic service conditions. It is a static test intended 
only to show whether a grease will resist oxidation when it is placed in 
machine parts, such as ball bearings, and stored for long periods of time. 
Use of the test in any other way must be done with caution. A grease that 
may be sufficiently inhibited to provide a long induction period in this 
test could, under dynamic conditions in bearings, have a very limited life 
due to weaknesses in other respects. 

More and more of the complaints that are received by the grease indus- 
try concerning the performance of so-called “high temperature greases” 
are directly the result of a lack of understanding of the effect of tempera- 
ture on grease life. Since many of the newer greases are of the “nonmelt- 
ing” or nonfluidizing type, they will stay in the bearings at high tempera- 
tures and are consequently allowed to remain far beyond their useful life. 
When this happens, they oxidize to form hard, carbonized residues and 
are then unjustly blamed for not being sufficiently oxidation stable. 


Lubricating Ability 


So far we have made no mention of the primary function of a grease— 
its lubricating capabilities. The ability of a grease to reduce friction and 
wear can be derived from three sources: 


1. The oil in the grease 
2. The thickener 
3. Additives 
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The lubricating capability of the oil, if it is a petroleum product, is pri- 
marily a function of its viscosity and viscosity index. Hence, in the 
broadest terms, the same criteria are used in selecting a grease containing 
an oil of a certain viscosity as would be used if the working parts were 
lubricated with oil alone—low viscosity for high speeds, low loads, and 
low temperatures, and vice versa. A complete range of oil viscosities is 
available in modern greases—from 10 cSt (60 SUS at 100°F) for extreme 
low temperature service to 500 cSt (2300 SUS at 100°F) for steel mill 
requirements. However, the great majority of greases use oils in the 60 to 
190 cSt (300 to 900 SUS at 100°F) range. 

The lubricating abilities of thickeners vary widely. Most soaps are 
good lubricants, some being so good as to provide load-carrying capa- 
bilities far beyond those of the oil alone. Inorganic nonsoap thickeners 
generally do not contribute to the lubricating properties of a grease, but 
there is no evidence that they detract in any way from the lubricating abil- 
ity of the oil. 

The most common method of enhancing the extreme pressure and anti- 
wear properties of greases is, of course, to use additives. These will be 
discussed later. 

Because of the excellent lubricating qualities of petroleum oils, greases 
made from them without the addition of load carrying additives are en- 
tirely adequate for the majority of applications. However, where shock 
loads or overloading of gears, plain bearings, and certain types of roller 
bearings (as opposed to ball bearings) are encountered, greases may be 
needed which have load-carrying properties beyond those of the oil 
alone. Ball bearings do not require such properties. 

There are a number of methods, utilizing a variety of test instruments, 
for determining the lubricating capabilities of greases under severe load 
conditions. These instruments include the 4-Ball Wear Test, 4-Ball EP 
Test, Falex Wear Test, Timken Test machines, and others. In addition, 
various test rigs have been designed to simulate the action of gears and 
bearings under service conditions. A discussion of the details of these 
tests is beyond the scope of our text but can be obtained from NGLI texts 
dealing with grease tests. Interpretation of the relationship of results ob- 
tained in these tests to performance in actual service is largely a matter of 
experience with the particular application involved. 

Extreme pressure and anti-wear characteristics are not necessarily syn- 
onymous. Greases which provide a high degree of protection against sei- 
zure, i.e., which have “extreme pressure” properties, may not be 
equally effective in reducing wear at more moderate loads. This is due to 
differences in the chemical nature of various load-carrying additives. 
The ability of many additives to prevent seizure and scoring depends pri- 
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marily on their reacting chemically with the metal surfaces. Films are 
formed which are sacrificed under the high rubbing loads and thus pro- 
tect the underlying metal. If these films are too readily formed and re- 
moved, high wear rates might result after long periods of operation under 
moderately severe loads. 

Therefore, in comparing the load-carrying capabilities of various 
greases, it is always desirable to consider the results obtained from both 
types of procedures. This is particularly true if the greases and additives 
are of quite different types or their types are unknown. 

The wide differences in response of certain greases of different types to 
the various load-carrying tests are shown in Table 12-6. With the excep- 


Table 12-6 
Response of Various Load-Carrying Tests 
Four-Ball EP 
Timken Load Wear Four-Ball Wear 
Grease Types Load Weld Load Index D 2266 

Conventional Lithium - 

Non-EP P P G 
Conventional Lithium - 

with EP Additive G G G 
Lithium with 3% Moly 

Disulfide G G G 
Lithium-Complex G E 
Lithium-Complex with 

EP Additive G G E 
Calcium-Complex 

(Type A-No EP E E E 

Additive) 
Calcium-Complex (Type 

B- With EP Additive) E E G 
Clay Thickener with EP 

Additive G G P 
Aluminum Complex with 

EP Additive E E G 





KEY: E - Excellent, G - Good, P - Poor 
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tion of the Type A calcium-complex grease, these variations are predon, 
inantly a function of the type of additive used rather than the thickener 
type. In the case of the Type A calcium-complex grease, the exceptional 
load-carrying properties are due wholly to the nature of the soap thick- 
ener. 

It is obvious from this that reliance on a single test method could lead 
to quite false, and possibly unfortunate, conclusions as to the ability of a 
lubricant to provide the desired anti-wear or extreme-pressure proper- 
ties. 


Characteristics of Thickeners 


In the early years of the grease-making “art,” much could be learned 
about the performance properties of a grease simply by knowing its type 
of thickener and the viscosity of the oil component. The number of 
grease-making ingredients being utilized was very limited, and conse- 
quently, it was quite simple to adequately define the characteristics of the 
grease in terms of these ingredients. However, the many advances in 
grease technology have by now introduced an almost infinite number of 
variables, both in ingredients and methods of manufacture. Conse- 
quently, a knowledge of the type of thickener alone provides only very 
limited information as to the overall physical properties and performance 
capabilities of the grease. The final properties of the grease are drasti- 
cally affected by the manufacturing process, the characteristics of the oil 
component and, of course, by the additives which may be used. 

In the following discussion, a cursory review is made of the character- 
istics which the thickeners now in common use generally impart to a 
grease. In the case of soap thickeners, only the types of alkali (metal hy- 
droxide) are covered. No attempt has been made to discuss the effect of 
the various fats or fatty acids or manufacturing techniques on the proper- 
ties of the grease. The three major classes of soap thickeners (simple, 
mixed, and complex) are first reviewed. This is followed by a summary 
of the principal soap and nonsoap thickeners and their general grease- 
making characteristics. 


Simple Soaps 


A simple conventional soap is made by reacting a single alkali (cal- 
cium, sodium, lithium hydroxide, etc.) with a high molecular weight fat 
or fatty acid (oleic, stearic, palmitic, 12-hydroxystearic, or “12-OH 
stearic,” etc.). 
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Mixed Soaps 


A mixed soap is generally a simple mixture of the soaps formed by 
reacting two different alkalies (sodium-calcium, lithium-calcium, etc.) 
with a high molecular weight fat or fatty acid. 


Complex Soaps 


Complex soaps are the latest additions to the science of making soap- 
thickened greases. They have generally come to be considered as consist- 
ing of a soap-salt complex of the same alkali. That is, they would be 
formed by the concurrent reaction of an alkali with a high molecular 
weight fat or fatty acid to form a soap and the same alkali with a low 
molecular weight acid (usually a weak acid such as acetic, formic, boric, 
lactic, etc.) to form a salt. 


Conventional Calcium Soap 


© Since the hydrated form of the soap is usually required, the small 
amount of water that is present can be driven off if the grease is 
heated to above 82°C (180°F). When this occurs, the soap structure 
disintegrates, the soap loses its thickening ability, and the grease 
fluidizes. Hence, these greases are unsuitable for service above 
82°C (180°F). 

© Highly water-resistant 

@ Inexpensive 

e Anhydrous calcium soap greases contain no water, have higher drop- 
ping points and, therefore, wider operating temperature ranges. 


Calcium-Complex Soaps 


© Do not require the soap to be in the hydrated state to form a stable 
grease structure, so high temperatures do not destroy its thickening 
ability. The low molecular salt (calcium acetate) has a very high 
melting point which imparts a high dropping point [260+°C 
(500+ °F)] to the grease. 

© May provide exceptional load-carrying properties 

© Highly water-resistant if properly made 

e Tend to harden in storage or on exposure to high temperatures 

© Inexpensive 
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Sodium Soaps 


e High melting point, thus imparting a high dropping point [over 
177°C (350°F)] to greases. Melting point dependent on fat or fatty 
acid used. Sodium-complex soaps have dropping points above 
260°C (500°F). 

e Generally water-soluble and act as an emulsifier which causes the 
grease to emulsify, fluidize, and wash out from bearings if exposed 
to large amounts of water. Emulsification (water washout) greatly in- 
creased if water temperature above 38°C (100°F). 

© Provide rust protection under high humidity since soap tends to pref- 
erentially absorb water and prevent contact with iron or steel sur- 
faces. 

e Simple soaps generally fibrous. Complex soaps generally smooth 
and buttery. 

e Complex soaps may provide excellent anti-wear characteristics. 


Lithium Soaps 


e Water resistant 

e High melting point—highly dependent on type of fat or fatty acid 
used. Dropping points of simple lithium soap greases 150°-190°C 
(300°-375°F). Complex-lithium soap greases over 260°C (500°F). 


Mixed Soaps 


e Properties generally intermediate between those of the individual 
components. 


Other Soaps 


e Although many other types of soaps such as barium, aluminum, 
strontium have been made, their use is so limited that their character- 
istics will not be discussed here. 


Nonsoaps 


Inorganic 


e Treated clays (Bentonite) and silica gel are “nonmelting,” hence 
greases have dropping points above 260°C (500°F). Clay greases, in 
particular, have low oil bleeding tendencies. 
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e Water resistance highly variable. If thickener or grease not made 
properly, water will be absorbed on surface of thickener and thus 
prevent thickening action, i.e., grease will fluidize. 

© May be prone to rusting. 

e Difficult to impart good load-carrying properties to greases by use of 
additives. 

@ May be incompatible with soap-thickened greases. Soaps can cause 
clays to lose thickening ability, so fluidization is possible. 


Synthetic Organic 


This category encompasses a wide variety of synthetic organic and me- 
tallo-organic compounds, including such diverse materials as dye pig- 
ments (copper phthalocyanine and indanthrene), aryl substituted ureas 
(ASU), polyureas, Teflon® or PTFE (polytetrafluorethylene), carbon 
black, and sodium octadecyl terephthalamate. These materials are gener- 
ally characterized by their ability to withstand high temperatures. As a 
class they are relatively expensive and have found their principal use as 
thickeners for various synthetic fluids to make greases for extremely 
wide temperature range aerospace applications. However, some are now 
being used in combination with mineral oils for premium, high-perfor- 
mance industrial greases. 


Application Limits for Greases 


Bearings and bearing lubricants are subject to four prime operating in- 
fluences: speed, load, temperature, and environmental factors. The opti- 
mal operating speeds for ball and roller type bearings—as related to lu- 
brication—are functions of what is termed the DN factor. To establish the 
DN factor for a particular bearing, the bore of the bearing (in millime- 
ters) is multiplied by the revolutions per minute, i.e.: 


75 mm X 1000 rpm = 75,000 DN value 


Speed limits for conventional greases have been established to range 
from 100,000 to 150,000 DN for most spherical roller type bearings and 
200,000 to 300,000 DN values for most conventional ball bearings. 
Higher DN limits can sometimes be achieved for both ball and roller type 
bearings, but require close consultation with the bearing manufacturer. 
When operating at DN values higher than those indicated above, use ei- 
ther special greases incorporating good channeling characteristics or cir- 
culating oil. 
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Correct seal design is the prime factor in preventing contaminants from 
entering a bearing, but relubrication at proper prescheduled intervals of- 
fers the advantage of purging out any extraneous material from the seals 
before they have had an opportunity to gain access to the bearings or the 
housing cavity. Adherence to proper scheduled regreasing intervals will 
also ensure that the bearing has a sufficient amount of grease at all times, 
and will aid in protecting the bearing component parts against any dam- 
aging effects from corrosion. 

The frequency of relubrication to avoid corrosion and to aid in purging 
out any solid or liquid contaminants is difficult to establish since relubri- 
cation requirements vary with different types of applications. 

Anticipating a not-quite-clean to moderately dirty environment as can 
be assumed to be present in refineries and petrochemical plants, one au- 
thority suggests greasing intervals ranging from 1 to 8 weeks. Noting that 
the period during which a grease lubricated bearing will function satis- 
factorily without relubrication is dependent on the bearing type, size, 
speed, operating temperature and the grease used, a major bearing manu- 
facturer suggests use of the graph shown in Figure 12-34. However, Fig- 
ure 12-34 was developed for an age-resistant, average quality grease and 
for bearing operating temperatures up to +70°C (+158°F) measured at 
the outer ring. Its authors suggest that the intervals should be halved for 
every 15°C (27°F) increase in temperature above +70°C (158°F), but 
the maximum permissible operating temperature for the grease must not 
be exceeded. On the other hand, SKF has published lube interval data for 
motor bearings in very clean locations which exceed those shown in Fig- 
ure 12-34 by a factor of 3. 

SKF believes that if there is a definite risk of the grease becoming con- 
taminated the above relubrication intervals should be reduced. This re- 
duction also applies to applications where the grease is required to seal 
against moisture, e.g., bearings in paper making machines (where water 
runs over the bearing housing) should be relubricated once a week. 

The FAG Bearing Company also opted for a graphical representation 
showing recommended relubrication intervals, Figure 12-35. Here, the 
horizontal scale depicts the ratio of running speed over the maximum al- 
lowable running speed for grease lubrication of a given bearing. This is 
basically similar to actual DN over the limiting DN of, say, 200,000. 
Most ball bearing-equipped motors are supplied with bearings operating 
at n/n, approximately equal to 0.5. 

Figures 12-34 and 12-35 can now be compared with our own experi- 
ence value which has been published in nonproprietary data sheets by Ex- 
xon Company USA for use by its customers. These data sheets advocate 
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Figure 12-34. Relubrication intervals recommended by SKF. 








12-35. Relubrication intervals recommended by FAG Bearing Company. 





Table 12-7 
Maximum Relubrication Intervals for Motors Based on Petrochemical 
Plant Experience In the USA 





Motor Size, Horsepower 1/44 7 142 10 40 50 150 Over 150 
Type of Grease Ronex Unirex Ronex  Unirex Ronex Unirex Ronex Unirex 


Type of Service 


I. Easy, infrequent operation (thr/day). 60 120 60 84 48 48 12 12 
Valves, door openers, and portable tools. 

Il. Standard, 1 or 2-shift operation, 60 84 48 48 12 18 6 6 
Machine tools, air-conditioners, 
conveyors, refrigeration equipment, 
laundry and textile machinery, 
woodowrking machinery, light-duty 
compressors and pumps. 

III. Severe, continuous running (24 hr/day). 36 48 12 18 6 9 2 3 
Motors, fans, motor-generator sets, 
coal and other mining machinery, steel- 
mill machinery and processing equipment. 

Iv, Very Severe. Dirty, wet, or corrosive 00 NOT 9 DO NOT 4 bO NOT 3 DO NOT 2 
environment, vibrating applications, USE USE USE 
high ambient temperatures (over 40°C, 
100°F), hot pumps and fans. 








(1) Relubrication interval for Class F motors 
in Service Types III and IV should not 
exceed 12 months. 
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the intervals shown in Table 12-7 for a superior-quality multi-purpose 
grease (Ronex® MP) and a premium rolling-contact bearing grease (Uni- 
rex® N). Both are highly recommended for motor bearing lubrication. 


Synthetic Lubricants 


Judicious application of properly formulated synthetic lubricants can ben- 
efit a wide spectrum of process machinery. This informed usage is very like- 
ly to drive down overall maintenance and downtime expenditures and can 
markedly improve plant profitability. 


Origin of Synthetic Lubes. Synthetic-based fluids, used in the production of 
synthetic lubricants, are manufactured from specific chemical compounds 
that are usually petroleum derived. The base fluids are made by chemically 
combining (synthesizing) various low molecular weight compounds to 
obtain a product with the desired properties. Thus, unlike petroleum oils 
which are complex mixtures of naturally occurring hydrocarbons, synthetic 
base fluids are man-made and have a controlled molecular structure with 
predictable properties. 

There is no typical synthetic lubricant. The major classes are as different 
from each other as they are from petroleum lubricants. Synthesized base flu- 
ids are classified as follows: 


1, Synthesized hydrocarbons (polyalphaolefins) 
2. Organic esters (diesters and polyol esters) 

3. Polyglycols 

4. Phosphate esters 

5. Silicones 

6. Blends 


The first four base fluids account for more than 90% of the synthetic flu- 
ids used worldwide. The first three contain only atoms of carbon, hydrogen, 
and oxygen. The first two are of greatest interest to machinery engineers in 
modern process plants. 


Examining Synthetic Lubes. Understanding the principal features and attrib- 
utes of the six base fluids will place the potential user in a position to pre- 
screen applicable synthetics and to question suppliers whose offer or propos- 
al seems at odds with these performance stipulations. 

Synthetic hydrocarbon fluids (SHF), such as those with a polyal- 
phaolefin (PAO) base, provide many of the best lubricating properties of 
petroleum oils but do not have their drawbacks. (Even the best petroleum 
oils contain waxes that gel at low temperatures and constituents that vapor- 
ize or readily oxidize at high temperatures.) The SHF base fluids are made 
by chemically combining various low molecular weight linear alpha olefins 
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to obtain a product with the desired physical properties. They are similar to 
cross-branched paraffinic petroleum oils because they consist of fully satu- 
rated carbon and hydrogen. 

These man-made fluids have a controlled molecular structure with pre- 
dictable properties. They are available in several viscosity grades and range 
from products for low temperature applications to those recommended for 
high temperature uses. They are favored for their hydrolytic stability, chemi- 
cal stability and low toxicity. 

Organic esters are either dibasic acid or polyol types. Dibasic acids have 
shear-stable viscosity over a wide temperature range (—90°F to 400°F), high 
film strength, good metal wetting properties and low vapor pressure at ele- 
vated temperatures. They easily accept additives, enhancing their use in 
many commercial applications and especially as compressor lubricants. 

Polyol esters have many of the performance advantages of dibasic acid 
esters and can be used at even higher temperatures. They are used principal- 
ly in high-temperature chain lubricants, for industrial turbines, and in some 
aviation applications. 

Polyglycols were one of the first synthetic lubricants developed. The 
polyglycols can be manufactured from either ethylene oxide, propylene 
oxide or a mixture of both. The propylene oxide polymers tend to be hydro- 
carbon soluble and water insoluble, while the ethylene oxide tends to be 
water soluble and hydrocarbon insoluble. In many applications, the physical 
properties of the finished product can be engineered by adjusting the ratio of 
ethylene oxide and propylene oxide in the fina] molecular structure. 

Polyglycols have excellent viscosity and temperature properties and are 
used in applications from —40°F to 400°F and have low sludge-forming ten- 
dencies. A major application for polyglycol lubricants is in compressors that 
handle hydrocarbon gases. This is due to the nonhydrocarbon-diluting prop- 
erties inherent in polyglycols. The polyglycols’ affinity for water results in 
poor water separability. 

Phosphate esters are organic esters that, when used with carefully select- 
ed additives, provide a group of synthetic fluids that can be used where fire 
resistance is required. Even when ignited, the phosphate esters will continue 
to burn only if severe conditions required for ignition are maintained. Some 
phosphate esters are less stable in the presence of moisture and heat. The 
products of the resulting degradation are corrosive and will attack paints and 
rubbers. The poor viscosity index (VI) limits the operating temperature 
range for any given phosphate ester product. 

Silicones have been in existence for many years and offer a number of 
advantages as lubricants. Silicones have good viscosity versus temperature 
performance, excellent heat resistance, oxidative stability and low volatility. 
Silicones are chemically inert and have good software compatibility. Poor 
metal-to-metal lubricating properties and high cost limit their use to spe- 
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cialized applications where their unique properties and high performance 
can be justified. 

Blends of the synthetic lubricants with each other or with petroleum 
lubricants have significant synergistic results. In fact, many of the synthetic 
lubricants being sold consist of a blend of two or more base materials to 
enhance the properties of the finished product. 

Synthetic lubricants have been steadily gaining industrial acceptance since 
the late 1950s. In many applications today, they are the specified lubricant of 
the compressor manufacturer. This is especially true in rotary screw and 
rotary vane air compressors. 

While the greatest industrial acceptance has been with air compression, 
many other industrial applications can be economically justifiable. Synthetic 
lubricants are currently being used in compressors processing such diverse 
materials as ammonia, hydrogen, hydrocarbon gases, natural gas, hydrogen 
chloride, nitrogen and numerous others. 

Synthetic lubricants are not limited to compressors but are used in gear 
boxes, vacuum pumps, valves, diaphragm pumps and hydraulic systems. 
Synthetic lubricants are being used in applications that need more efficient, 
safe lubrication or where the environmental conditions preclude the use of 
traditional petroleum products. 


Properties and Advantages. Synthetic lubricant fluids provide many of the 
best lubricating properties of mineral oils but do not have their drawbacks. 
In fact, synthetics have these advantages over comparable petroleum-based 
lubricants: 


e Improved thermal and oxidative stability 

e More desirable viscosity-temperature characteristics 
e Superior volatility characteristics 

e Preferred frictional properties 

e Better heat transfer properties 

e Higher flash point and autoignition temperatures 


Experience clearly shows that these advantages result in the following 
economic benefits: 


e Increased service life of the lubricant (typically four to eight times 
longer than petroleum lubricants) 

e Less lubricant consumption due to its low volatility 

e Reduced deposit formation as a result of good high-temperature oxida- 
tion stability 

e Increased wear protection resulting in less frequent maintenance 

e Reduced energy consumption because of increased lubricating efficiency 

e Improved cold weather flow properties 
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e Reduced fire hazard resulting in lower insurance premiums 
e Higher productivity, lower manufacturing costs and less downtime 
because machines run at higher speeds and load with lower temperatures 


e Longer machinery life because less wear results in more production dur- 
ing life of machine and tools 


Synthetic lubricant base stocks, while possessing many of the attributes 
needed for good lubrication, require fortification with additives relative to 
their intended use. An experienced formulator takes into consideration a 
range of requirements such as the following: 


Dispersion of contaminants. It is important to keep internally and exter- 
nally generated oil insoluble deposit-forming particles suspended in the oil. 
This mechanism reduces the tendency of deposits, which lower operating 
efficiency, to form in critical areas of machinery. Additives that impart dis- 
persing characteristics are called dispersants and detergents. A dispersant is 
distinguished from a detergent in that it is nonmetallic, does not leave an ash 
when the oil is burned and can keep larger quantities of contaminants in sus- 
pension. 


Protecting the metal surface from rust and corrosion. Humidity 
(water) type rust and acid type corrosion must be inhibited for long surface 
life. An oil film itself is helpful, but this film is easily replaced at the metal 
surface by water droplets and acidic constituents. Additives that have an 
affinity for a metal surface, more so than water or acids, are used in oils to 
prevent rust and corrosion and are generally referred to as simply rust 
inhibitors. 


Oxidative stability. Oils tend to thicken in use, especially under condi- 
tions where they are exposed to the atmosphere or where oxygen is present. 
This phenomenon is chemically termed oxidation. 


Oxygen reacts with the oil molecule initiating a chain reaction that makes 
the molecule larger, thereby decreasing fluidity. Conditions that assist the 
oxidation process are heat, oxidation catalyzing chemicals, aeration, and per- 
haps, other mechanisms that allow the oxygen to easily attach itself. Addi- 
tives that retard the oxidation process are termed oxidation inhibitors. 


Wear prevention. Inevitably, the metal surfaces being lubricated come in 
contact. Whenever the speed of relative motion is low enough, the oil film 
does not stay in place. This can also happen if the loading on either or both 
surfaces is such that the oil film tends to be squeezed out. When moving 
Metal surfaces come in contact, certain wear particles are dislodged and 
wear begins. Additives that form a protective film on the surfaces are called 
antiwear agents. 
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Viscosity index improvers function to improve viscosity/temperature 
relationships, that is, to reduce the effect of temperature on viscosity change. 


Foam suppressants allow entrained air bubbles to collapse more readily 
when they reach the surface of the oil. They function by reducing surface 
tension of the oil film. 


Oiliness additives are materials that reduce the oil friction coefficient. 
Surfactants improve the ability of the oil to “wet” the metal surface. 


Alkalinity agents impart alkalinity or basicity to oils where this is a desir- 
able feature. 


Tackiness agents impart stringiness or tackiness to an oil. This is some- 
times desirable to improve adhesive qualities. 


Obviously then, the lubricant supplier or formulator has to choose from a 
number of options. There are technical considerations to weigh and compro- 
mises to make. Close cooperation between supplier and user is helpful; for- 
mulator experience and integrity is essential. 


Case Histories. The following are highlights from the many successful case 
histories of the past 20 years. 


Circulating oil system for furnace air prebeaters. Several major 
refineries in the U.S. and Europe had experienced frequent bearing failures 
on these slow-rotating heat exchangers while operating on the manufacturer- 
recommended mineral oil. With bearing housings typically reaching temper- 
atures around 270°F, the cooled and filtered mineral oil would still overheat 
to the point of coking. Bearing failures after six months of operation were 
the norm. After changing to a properly formulated synthetic, a lubricant with 
superior high-temperature capabilities and low volatility, bearing lives were 
extended to several years. One refinery alone has documented savings of 
approximately $120,000 per year since changing lubricants. 


Right angle gear drives for fin fan coolers. A European facility achieved 
a disappointing mean-time-between-failures (MTBF) of only 36 months on 
36 hypoid gear sets in a difficult-to-reach elevated area. In fact, using miner- 
al oil SO VG 150), a drain interval of six months was necessary to obtain 
this MTBF. Each oil change required 12 man-hours and temporary scaffold- 
ing at a cost of $1,000. Changeover to an appropriate synthetic, i.e., a syn- 
thetic with optimized temperature stabilizers, wear reducers and oxidation 
inhibitors, has allowed drain intervals to be increased to two years while 
obtaining a simultaneous increase to three years MTBF. Detailed calcula- 
tions showed a net benefit of $1,950 per year per gear set. Combined yearly 
savings: $70,200 with no credit taken for power reduction or avoided pro- 
duction curtailments. 
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Plant-wide oil mist systems. An oil mist lubrication system at a South- 
east Texas chemical plant experienced an unscheduled shutdown as a result 
of cold weather. Twenty-seven mist reclassifiers in this system were affect- 
ed. These reclassifiers provided lubrication to several fin fans, two electric 
motors and the rolling element bearings in 14 centrifugal pumps. Wax plug- 
ging of the mist reclassifiers brought on by the cold weather caused the 
unexpected shutdown. As a result, several bearings failed because of lubri- 
cant starvation. An ISO VG 68 grade conventional mineral oil was the 
source of the wax. 

The oil mist system had to be isolated and blown out to avoid further 
bearing failures. In addition to the downtime costs, significant labor and 
hardware costs were required to restore the unit to normal operation. 

For this reason, a synthetic wax-free lubricant replaced the mineral oil. 
Neither the oil feed rate nor the air-to-oil ratio required adjusting after 
switching to the synthetic. 

Since converting to a diester-based oil mist system, the following results 
were obtained: 


e No cold weather plugging of the mist reclassifiers has been experienced. 


e No lubricant incompatibility has been detected with other components 
of the oil mist system. 


e The synthetic lubricant is providing proper bearing wear protection as 
evidenced by no increase in required maintenance for pumps, fans, or 
motors serviced by the oil mist system. 


e Downtime, labor, and hardware replacement costs attributed to cold 
weather operational problems have been eliminated. 


e Savings in contractor and plant manpower used to clean the reclassifier 
equaled $25,100 per year. 


e Two failures of pumps and motors were assumed to be prevented via 
use of wax-free lubricant. The savings equaled $7,000 per year. 


Total net credit has been $49,375 per year. This does not include any 
process losses associated with equipment outages. 


Table 12.8 
Physical Properties of ISO VG 320 Gear Oil 


Petroleum Synthetic hydrocarbon 
Viscosity index 95 140 
Thermal conductivity, Btu/hr/ft? 0.071 0.085 
Coefficient of friction 0.101 0.086 


Pour point, °F +5 —45 
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Pulverizing mills in coal-fired generating plant. A large coal-fired 
power generating station in the southwestern U. S. was having lubrication 
problems with their coal pulverizing mill. The equipment, a bowl mill pul- 
verizer, was experiencing the following problems lubricating the gears that 
drive the mill: 


e The lubricant was losing viscosity and had to be changed every four to 
six months. 

e Air entrainment in the lubricant was causing cavitation in the pumps 
that circulated the lubricant. 

e The gears were experiencing an unacceptable level of wear as measured 
by a metals analysis on the lubricant. 

e On very cold mornings, the lubricant was so viscous it had to be heated 
before the unit could be put in service. 

e The petroleum-based lubricant’s initial viscosity varied significantly. 


After evaluating the options, it was decided that a synthetic-based lubri- 
cant offered the best solution. In cooperation with a major synthetic lubri- 
cant manufacturer, they decided a synthetic hydrocarbon base stock with the 
proper additive package would be the best choice. Additive package concen- 
{rations were evaluated in a number of bow! mills simultaneously to estab- 
lish the optimum level and composition. Figure 12-36 shows the dramatic 
effect on metal gear wear accomplished over a 1,000 hour trial period. 
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Figure 12-36. Bowl mill wear, 1,000 operating hours. 
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The synthetic hydrocarbon base stock has proven to be extremely shear 
resistant. One particular bow! mill has been closely monitored during 54 
months of operation (Figure 12-37) to establish viscosity stability. The data 
represents only operating hours, not total time elapsed, since the unit is not 
operated continuously. The performance has been excellent and lubricant life 
has exceeded 60 months. 

The synthetic hydrocarbon lubricant was compared to two petroleum- 
based lubricants supplied by major oil companies. The tests were run on three 
bowl mills that had recently been reworked and tested. All three bowl mills 
were fed the same amount of coal during the test period. All three gear oils 
were the same ISO 320 viscosity grade. The average current draws were: 


Product Amps 
Petroleum #1 70 
Petroleum #2 75 
Synthetic hydrocarbon gear oil 68 


The lower amp difference shown by the synthetic hydrocarbon is the 
result of the lower coefficient of friction shown in Table 12-8. 

In summary, the synthetic hydrocarbon gear oil has solved the original 
problems and provided additional benefits not anticipated. The switch to 
synthetic lubricants has clearly improved performance and achieved signifi- 
cant savings in operating costs, as shown in the following tabulation. 
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Figure 12-37. Viscosity stability, bowl mill. 
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The extended drain interval provides savings in three areas: 


1. Lubricant consumption cost savings: 


Petroleum oil cost per gal $4.00 
Petroleum oil changes per yr 2 
Volume of gear box, gal 300 
Petroleum oil cost per yr 

($4.00/gal)(2 changes/yr)(300 gal/unit) = $2,400 
Synthetic oil cost per gal $16.00 
Synthetic oil changes per yr 0.2 
Volume of gear box, gal 300 
Synthetic oil cost per yr 

($16.00/gal)(0.2 changes/yr)(300 gal/yr) = $960 


Annual savings on lubricant cost—$1,440 per unit 


2. Reduced maintenance cost savings 


Petroleum oil changes per yr 2 
Maintenance cost per change $500 
Petroleum oil maintenance cost per yr 

(2 changes/yr)($500/change) = $1,000 
Synthetic oil changes per yr 0.2 
Maintenance cost per change $500 
Synthetic oil maintenance cost per yr 

(0.2 changes/yr)($500/change) $100 


Annual savings in scheduled maintenance costs—$900 


3. Lubricant disposal costs 


Petroleum oil used per yr, gal 600 
Disposal cost per gal $0.50 
Cost of disposal $300 
Synthetic oil used per yr, gal 60 
Disposal cost per gal $0.50 
Cost of disposal $30 


Annual savings in disposal cost per year—$270 


The reduction in energy consumption also provides significant savings: 
Average annual power cost using petroleum oil lubricant 
$33,278 
Average annual power cost using synthetic lubricant 
$31,211 
Annual savings in power consumption—$2,067 


The total annual savings for all of the above categories amount to $4,677. 
In addition, savings in reduced wear and thus fewer repairs are certain to be 
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realized. A forward-looking process plant needs to explore the many oppor- 
tunities for often substantial cost savings that can be achieved by judiciously 
applying properly formulated synthetic lubricants. 
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Vibration Measurement—Basic Parameters 
For Predictive Maintenance on Rotating Machinery* 


Preventive maintenance programs for rotating machines, based on pe- 
riodic sampling and inspections, have been greatly enhanced by the addi- 
tion of vibration monitoring instrumentation. Although preventive main- 
tenance has proven to be valuable for increasing production and 
decreasing unscheduled downtimes, a maintenance philosophy has 
evolved by which direct measurement of machine condition is used to 
provide “predictive maintenance.” 

The concept is explored here and the value of the concept is demon- 
strated that, in plants using predictive maintenance, machine turnarounds 
are based on machine condition rather than on elapsed time. 

It has become well recognized that vibration monitoring can help to 
prevent major machinery failures and reduce costly downtime. “Preven- 
tive maintenance” type programs have proven their value in cost savings 
and increased production for many of the major refining, petrochemical, 
power generation, and industrial plants around the world. Most preven- 
tive maintenance programs are established with periodic inspection of 
machinery and permanent monitoring of critical, unspared machines, 
and scheduled periodic monitoring of less expensive, less critical, spared 
machinery. Generally, the parameters being monitored have been ampli- 
tude of vibration in peak-to-peak mils displacement, peak inches per sec- 
ond velocity, or peak Gs acceleration. Periodic checks of frequency of 
vibration are often included as part of this preventive maintenance type 
program. 


* Pages 610 through 639 adapted from material compiled by Bently-Nevada Company, 
Minden, Nevada 89423. Adapted by permission. 
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In recent years, the introduction of new measuring and monitoring 
techniques has greatly helped the maintenance engineer in his monitoring 
and analysis of rotating machinery. In particular, the ability to monitor 
the direct shaft motion with proximity probes has increased the amount of 
information available to determine machine condition. Utilization of all 
available information allows for the implementation of “predictive main- 
tenance” programs. 

Many plants are in the process of changing their philosophy from that 
of shutting down on a time-scheduled basis to that of running the plant 
until the condition of the machinery indicates it is time to shut down. This 
condition is, of course, determined by instrumentation. This “predictive 
maintenance” philosophy is particularly applicable where the rotating 
machinery is the limiting factor in a plant maintenance schedule. Obvi- 
ously this type of predictive maintenance program requires dependence 
upon instrumentation and the proper interpretation of the data it pro- 
vides. In this respect, it is important that all available parameters of vi- 
bration and rotor position be measured and evaluated. A simple investi- 
gation of amplitude and frequency alone does not, and will not, provide 
sufficient information about machinery performance to provide a strong, 
accurate predictive maintenance program. 

The following is a discussion of basic dynamic motion (vibration) and 
rotor position parameters that should be measured and analyzed in the 
diagnosis of rotating machinery in predictive maintenance programs. 


Dynamic Motion (Vibration) Parameters 


Amplitude—Amplitude, whether expressed in displacement, velocity, or 
acceleration, is generally an indicator of severity. It attempts to answer 
the question: “Is this machine running smoothly or roughly?” The ability 
to measure the shaft with proximity probes has helped greatly in provid- 
ing more accurate information with regard to the amplitude of vibration. 
In the past, when only casing measurements were available, amplitude of 
the casing vibration was the only available parameter for severity. 
Whereas the casing measurements were able to indicate the presence of 
some machinery malfunction conditions, by and large, the casing mea- 
surements proved inadequate for proper machinery protection. This was 
primarily due to the variable transfer impedance between the shaft mo- 
tion and the casing motion, depending upon the particular machine de- 
sign, assembly, operating condition, and case pickup location. 

Casing measurements have been utilized recently in an attempt to de- 
termine the presence of “high frequency” vibrations. In this manner, 
blade passage frequencies, blade resonance frequencies, gear mesh fre- 
quencies, etc., are observed to hopefully lead to the early discovery of 


Vibration and Condition Monitoring 623 


possible malfunctions. These measurements are generally made on a pe- 
riodic basis and are not usually continuously monitored. Since these are 
case measurements, it is somewhat difficult to evaluate the relative am- 
plitudes and corresponding significance of the high frequency vibrations. 
Important is the fact that the vast majority of machine malfunctions mani- 
fest themselves at lower frequencies, usually less than 4 x running speed. 
High frequency measurements are useful only a small percentage of the 
time in machinery evaluation. 

Amplitude of vibration on most machinery is expressed in peak-to- 
peak mils displacement. With proximity probes mounted at or near the 
bearings, vibration tolerances can be established which provide for the 
maximum excursion that the shaft makes with respect to the bearing. To- 
day, most continuous monitoring of critica] machinery is provided with a 
peak-to-peak displacement measurement either in mils or micrometers. 
A normal operating machine will generally have a stable amplitude read- 
ing of an acceptable low level. Any change in this amplitude reading in- 
dicates a change of the machine condition. Increases or decreases in am- 
plitude should be considered justification for further investigation of the 
machine condition. 


Frequency—The frequency of vibration (cycles-per-minute) is most com- 
monly expressed in multiples of rotative speed of the machine. This is 
primarily due to the tendency of machine vibration frequencies to occur 
at direct multiples or submultiples of the rotative speed of the machine. It 
also provides an easy means to express the frequency of vibration. It is 
necessary only to refer to the frequency of vibration in such terms as one 
times rpm, two times rpm, 43 percent of rpm, etc., rather than having to 
express all vibrations in cycles-per-minute or cycles-per-second. 

The emphasis on frequency analysis.developed primarily from casing 
measurements where amplitude and frequency were the only major pa- 
rameters available for measurement and evaluation. Also, the tendency 
of certain malfunctions to occur at certain frequencies has helped to seg- 
regate certain classes of malfunctions from others. It is extremely impor- 
tant to note, however, that the frequency/malfunction relationship is not 
mutually exclusive. That is to say, a vibration at one particular frequency 
often has more than one malfunction associated with it. There is no one- 
to-one vibration. One must not be easily swayed into attempting to di- 
rectly correlate certain frequencies with particular specific malfunctions. 
Frequency is an important piece of information with regard to analyzing 
rotating machinery, and can help to classify malfunctions, but it is only 
one piece of data. It is necessary to evaluate all data before arriving at a 
conclusion. 
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The typical means of expressing frequency is as follows: 


1 X rpm: The frequency of the vibration is the same as the rotative speed 
of the machine. 


2 X rpm: The frequency of the vibration is twice the rotative speed of 
the machine. 


12 X rpm: The frequency of the vibration is one-half the rotative speed 
of the machine. 


.43 X rpm: The frequency of the vibration is 43 percent of the rotative 
speed of the machine, etc. 


It is important to note a means of differentiating two types of vibration: 
Synchronous and nonsynchronous. Synchronous vibration occurs at a 
frequency which is some direct multiple or integer fraction of rotative 
speed of the machine. For example: 


I X rpm; 2 X rpm; '2 X rpm; 14 X rpm. In these examples, the vibra- 
tion frequency is “locked-in” with the rotative speed of the machine. 
Nonsynchronous vibration occurs at some frequency other than a 
“locked-in” frequency with running speed. When viewed on an oscil- 
loscope in time base presentation, a nonsynchronous waveform will 
appear to be continuously moving across the screen. If a once-per- 
turn event (Keyphasor®) is super-imposed on the waveform, it will 
appear to move along the waveform instead of remaining constant in 
one fixed position as it would with a synchronous vibration. Basic fre- 
quency measurements can be made with the use of a Keyphasor® and an 
oscilloscope. It is possible, with some minimal practice, to be able to 
pick out the major components of vibration present in a vibration wave- 
form. For more discrete frequency analysis, it is necessary to employ 
some additional instrumentation, such as a tunable filter, swept fre- 
quency display, or digital spectrum display. 


Phase Angle—Phase angle of vibration has long been ignored as an im- 
portant criterion for analysis of rotating machinery by people in many 
areas of rotating machine use. The power generation people in the utility 
industry have, however, long recognized its value. 

The phase angle measurement is a means of describing the location of 
the rotor at a particular instant in time. A good phase angle measuring 
system will define the location of the high spot of the rotor at each trans- 
ducer location relative to some fixed point on the machine train. By de- 
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termining these high spot locations on the rotor, it is possible to deter- 
mine the balance condition and locations of the residual unbalances on a 
rotor. Changes in the balance condition of a rotor changing this high spot 
will be shown as a change in phase angle. Accurate phase angle measure- 
ments are extremely important in balancing of rotors, and can be ex- 
tremely important in analysis of particular machine malfunctions. The 
phase angles of the rotor as determined by various transducers along a 
machine train can provide valuable information as to the performance of 
that machine train. It is this phase angle that provides timing information 
which helps answer the questions: What is happening, where, when, and 
how? 

Phase angle is also valuable in determining the rpm location of the nat- 
ural rotor balance resonances (“criticals”). 

The most accurate and reliable means of measuring phase angle is with 
the use of a Keyphasor® (shaft reference). The Keyphasor® can be ac- 
complished with a proximity probe or optical pickup. This probe pro- 
vides a synchronous, once-per-turn output signal that gives a direct shaft 
reference for phase angle measurements. In balancing, this direct shaft 
reference eliminates the need for a trial run to determine the high spots 
on the rotor. If the particular rotor response curve is known, the heavy 
spot can thus be located. Below the first balance resonance (first critical), 
the phase angle, as determined by the Keyphasor®, defines the heavy spot 
on the rotor. In a classical rotor, above the first balance resonance, the 
phase angle, as determined by the Keyphasor®, defines the location 
where a weight must be added. That is, it defines the light spot on a rotor 
or the position 180° from the heavy spot. The phase lag that occurs 
through this resonance region provides the number of degrees the high 
spot differs from the heavy spot. 

In using the Keyphasor® as a phase reference mark, the phase angle is 
defined as the number of degrees from the Keyphasor® pulse to the first 
positive peak of the vibration. This first positive peak corresponds to the 
high spot on the rotor as it passes by the vibration input transducer. 

In order to read phase angle accurately, instrumentation is required 
which filters the input signal to 1 < rpm, and then accurately measures 
and displays the number of degrees from the Keyphasor® to the first posi- 
tive peak on the vibration input waveform. This filter must eliminate any 
possible error introduced by noise or harmonics on the imput waveform 
and must disallow any error introduced by the filter. This error is inher- 
ent in mistuned band pass filters of older strobe-light type vibration ana- 
lyzers. Digital vector filters (DVFs), virtually eliminate the phase errors 
inherent in the instrument. 

Phase angle is rapidly gaining acceptance as a very important parame- 
ter for diagnosis of rotating machinery as well as for balancing. Instru- 
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mentation for measuring vibration phase angle is generally included as 
part of the instrumentation package for large steam turbines in power 
generation service. For mechanical drive steam turbines and gas tur- 
bines, as well as compressors, pumps, fans, etc., vibration phase angle is 
usually provided by portable instrumentation. This methodology is a 
continuation of the balance work initiated by Theale 45 years ago and 
being employed in modern balance practice by some major electric 
power generation equipment manufacturers. 


Vibration Form—The form of the vibration is perhaps the most important 
means of presenting vibration data for analysis. It is through this type of 
presentation that an understanding of particular machine behavior can be 
realized. The previously discussed three parameters have all been mea- 
surable quantities that can be displayed on an indicating meter or digital 
display, while “vibration form” is the raw waveform itself, displayed on 
an oscilloscope. 

The oscilloscope is one of the most valuable, if not the most valuable, 
data-presenting instrument for machinery diagnosis. 

Vibration form can be separated into two separate categories: Time- 
base presentation and Orbital presentation. Time base presentation is 
provided by displaying transducer inputs on the oscilloscope in the time 
base mode. In this mode, the oscilloscope displays the sinusoidal type 
waveform representing the shaft motion (utilizing a proximity probe in- 
put). This mode of the oscilloscope displays the position of the shaft rela- 
tive to the input transducer versus time horizontally across the cathode 
ray tube of the oscilloscope. The orbit presentation is provided by dis- 
playing the output from two separate proximity probes at 90° angles to 
one another in the X-Y mode of the oscilloscope. In this mode, the oscil- 
loscope displays the centerline motion of the shaft at that horizontal loca- 
tion along the rotor. If the probes are mounted at the bearing, the orbit is 
a presentation of the motion of the shaft centerline with relationship to the 
bearing. 

These two presentations give the maintenance engineer the most data in 
one presentation. Basic amplitude, frequency, and phase angle can be de- 
termined by viewing the vibration form. The vibration form presenta- 
tions inherently help the individual to understand “what the machine is 
doing” by observing the actual motion of the observed part. This is an 
important concept. The vibration form allows for the transition from de- 
termining what the amplitudes and frequencies are to determining “What 
the Machine is Doing.” This is the ultimate parameter that we are at- 
tempting to understand in any preventive or predictive maintenance pro- 
gram. 
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Vibration Mode Shape—A recommended practice for capturing informa- 
tion on a rotating machine is to provide an extra set of X-Y (90°) probes 
some distance away from the bearing. This extra horizontal set of probes 
would not normally be monitored but would be available for diagnostics. 
The extra horizontal probes provide a third dimension to the machinery 
data and allow for an estimate of the mode shape of the machine rotor for 
the determination of nodal points. It is important to recognize that any set 
of X-Y probes along the machine train will describe the motion of the 
rotor at that horizontal location along the machine. By utilizing the extra 
set of X-Y probes at a different horizontal location along the machine 
train, we can attempt to determine the basic mode shape of the rotor it- 
self. This mode shape can help to give closer estimates of the internal 
clearances between the rotor and stator elements and to give an estimate 
of the nodal points along the rotor shaft. 

The parameters have all been a means of analyzing the vibration (dy- 
namic motion) of a particular machine. They are all means of looking at 
what the machine is doing on a dynamic basis. The presentation of the 
amplitude, frequency, phase angle, form, and mode shape are all applica- 
ble to casing measurements as well as to shaft or rotor measurements. It 
is important from an overall system analysis to know what the casing is 
doing dynamically as well as what the rotor is doing. Such things as 
structural or piping resonance, loose or cracked foundations, external vi- 
bration input sources, etc., can be determined from measurements on the 
nonrotating machine parts. In the overall system analysis of a machine’s 
mechanical performance, casing measurements can indeed be important. 

The comparison of shaft or rotor vibrations with casing vibrations also 
can be an important parameter in determining the overall condition of a 
machine. As was mentioned before, the transfer impedance between the 
shaft and casing can vary widely due to various machine parameters. A 
comparison of both the amplitude and phase relationships of the casing 
and shaft vibrations may indeed prove valuable in solving a particular 
machine malfunction problem. 

No discussion of dynamic motion (vibration) would be complete with- 
out the discussion of “relative” versus “absolute” measurements. A 
proximity probe, by its very nature, when mounted rigidly to the bearing 
cap or casing of a machine, provides a vibration measurement of the rela- 
tive motion between the shaft and the mounting of the proximity probe. 
This relative measurement has proven a satisfactory parameter for con- 
tinuous monitoring of most machines. However, on some machines the 
absolute motion of the rotor becomes an important parameter for contin- 
uous monitoring. This absolute motion can be provided with a “dual 
probe” which utilizes a relative proximity probe providing shaft motion 
relative to the casing and an absolute seismic-type transducer mounted on 
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the casing of the machine in the same plane as the relative proximity 
probe. A vector summation of these two transducer inputs provided in the 
monitoring circuitry for this dual probe gives the “absolute” shaft mo- 
tion. In this manner, four separate pieces of information are available. 


The shaft motion relative to the casing. 

. The casing absolute (seismic) motion relative to free space. 

The shaft absolute (seismic) motion relative to free space. 

. The shaft position measurement as supplied by the DC output of the 
proximity probe transducer. 


WNP 


The absolute measurement is most important on machines with flexible 
support structures or machines subject to high casing vibrations, as com- 
pared to the relative shaft vibrations. 

The importance of X-Y (2 plane) monitoring has been well established 
for most types of machines. It is possible to have totally different vibra- 
tions in the vertical and horizontal directions at one particular bearing. It 
is entirely possible, for example, to have different amplitudes and differ- 
ent frequencies (and normally corresponding different phase angles) in 
two different planes at one bearing. This has been documented on many 
machines and the importance of X-Y mounted probes at radial bearings 
should not be underestimated. 


Position Measurements 


Other parameters which should be measured and evaluated for total 
machinery performance fall in a category of static and quasi-static posi- 
tion measurements. Depending upon the particular machine design and 
machine malfunction, these measurements can be important in evaluation 
and analysis. The following provides a discussion of these position type 
measurements. 


Eccentricity Position—Eccentricity position is the measurement of the 
Steady state position of the shaft in the journal bearings. Under normal 
operation with no internal or external preloads on the shaft, the shafts of 
most machines will ride where the oil pressure dam planes it. However, 
as soon as the machine gets some external or internal type preload 
(steady state force), the eccentricity position of the shaft in the journal 
bearing can be anywhere. This eccentricity position measurement can be 
an excellent indicator of bearing wear and heavy preload conditions such 
as misalignment. In installations where only single plane monitoring is 
present, it is imperative that eccentricity position be measured on a peri- 


Vibration and Condition Monitoring 629 


odic basis. This is due primarily to the possibility of heavy preload condi- 
tion precluding an increase in amplitude of vibration in the plane of sensi- 
tivity of the probe. This could possibly allow for a machine malfunction 
to occur without significant amplitude warning. By observation of the 
eccentricity, an early warning is possible. 

Eccentricity position should also be closely watched during machine 
startup. During a machine startup with a vertically mounted proximity 
probe, one would normally expect the shaft to rise from the bottom of the 
bearing to someplace toward the center of the bearing. This is due funda- 
mentally to the oil flowing under the shaft making the shaft rise in the 
bearing. It is generally believed that the oil film is about one mil in thick- 
ness. Observations on many bearings show that it is more often about 1/3 
of the bearing clearance in the preloaded direction of the shaft. 

The measurement of eccentricity position is accomplished by monitor- 
ing the DC output of the proximitor associated with the radial vibration 
probe at the bearings. 

Because of this ability of the eccentricity position to change under 
varying conditions of machinery load, alignment, etc., it is important 
that the proximity probe transducer system have a long linear range suffi- 
cient to allow for these eccentricity position changes to occur without 
having the shaft move outside of the linear range of the proximity probe. 
This is especially true in large machines where large bearing clearances 
are normally present. Whereas eccentricity position is monitored contin- 
uously on some machines, on most machines a periodic check of eccen- 
tricity position appears to be acceptable for predictive maintenance. Es- 
pecially where misalignment or other preload conditions may be 
considered as a possible malfunction condition, eccentricity position 
should be monitored very closely. It is important to document the cold 
eccentricity position and the hot eccentricity position so that a frame of 
reference is established for comparisons of eccentricity position at later 
dates. 


Axial Thrust Position—Axial thrust position is the measurement of the 
relative position of the thrust collar to the thrust bearing. This measure- 
ment is perhaps one of the single most important monitored parameters 
on a centrifugal compressor and/or steam turbine. The primary purpose 
of an axial thrust position monitor is to ensure against an axial rub be- 
tween the rotor and the stator. Axial thrust bearing failures can be cata- 
strophic, and every attempt should be used to protect against this possible 
machine failure mode. 

At least one, preferably two, axial thrust position probes should be 
mounted to provide axial thrust position protection. 
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Care must be taken in selection of probe mounting locations to ensure 
minimum effect of thermal growth of the rotor and minimum effect of 
springiness of the thrust bearing assembly on the accuracy of the reading. 
In early applications of proximity probes for axial thrust position mea- 
surements, it was very often found that the alarm and danger set points 
were established too close to the initial cold float zone of the machine. It 
was found that deflections occur in the thrust bearing assemblies and 
thermal growth of the rotor occurs such that, under normal operating 
conditions, the position of the rotor can indeed appear to be wider than 
the normal cold float zone of the rotor within its thrust bearing. It is im- 
portant to note that most machines have sufficient axial clearance be- 
tween the rotor and the stator that wide set points can be established al- 
lowing the thrust collar to severely wipe the babbitt of the thrust bearing 
shoes without having rotor to stator rubs. Under normal operating condi- 
tions of a centrifugal compressor or steam turbine, thrust position can 
vary with load of the machine, so varying thrust position measurements 
under differential loads and conditions of a machine are not uncommon. 
The thrust position measurement may also be important in the determina- 
tion of surge or incipient surge conditions. 

An added benefit received when applying thrust position probes for ax- 
ial thrust position measurements is that axial vibration measurements can 
be read from the same proximity probe. Whereas axial vibration is not 
normally monitored continuously on centrifugal equipment, it has proven 
valuable in diagnosing some particular machinery malfunction condi- 
tions. If axial vibration is to be monitored or used for diagnosis of a par- 
ticular machine, it is necessary for the observed surface to be smooth and 
to be perpendicular to the centerline of the rotor. This will minimize any 
effect of mechanical runout on the dynamic output of the probe, thus pro- 
viding accurate axial vibration readings. 


Eccentricity Slow-Roll (Peak-to-Peak Eccentricity)—In large steam tur- 
bines for power generation service and in some industrial gas turbines, it 
is very often desirable to provide an indication of eccentricity slow-roll, 
also called peak-to-peak eccentricity. Eccentricity slow-roll is the amount 
of bow the rotor takes while it is at rest. This bow can be indicated by the 
slowly changing DC peak-to-peak measurement from the proximitor as 
the rotor turns on turning gear. When the peak-to-peak amplitude is at an 
acceptable low level, the machine can be started without fear of damage 
to seals and/or rotor rubs caused by the residual bow and its correspond- 
ing unbalance. Eccentricity slow-roll is best measured with a probe 
mounted away from the bearing so that maximum bow deflections can be 
measured. 
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In large steam turbine applications, eccentricity slow-roll is often re- 
corded on a strip chart recorder where the operators can visually see the 
amount of bow in the shaft and its rate of decreasing amplitude while the 
machine is on turning gear and is allowed to warm up. Eccentricity peak- 
to-peak can also be displayed on a multi-point type recorder or fed to a 
computer through sample-and-hold techniques providing a low frequency 
peak-to-peak measurement with an update of once-per-turn of the shaft. 


Differential Expansion—In very large machines, such as large steam tur- 
bines in power generation service, it is extremely important that during 
startup the casing and the rotor both grow thermally at the same rate. If 
the rotor or the casing grow at different rates, there exists the possibility 
of damage to the machine caused by axial rubs. In order to measure this 
differential expansion, a proximity probe is mounted at the end of the 
machine opposite the thrust bearing where the relative growth between 
the case and the rotor can be observed. The typical range for this proxim- 
ity probe is one inch. In very large machines, this range required of the 
proximity probe system can be as large as two or three inches. 


Case Expansion—On very large machines it is also very common to pro- 
vide, in addition to differential expansion, a case expansion measure- 
ment. This case expansion measurement is usually provided by a contact- 
ing linear variable differential transformer (LVDT) mounted externally 
to the machine case and referenced to the foundation. 

This case expansion measurement helps to provide information with 
regard to the relative growth of the rotor to the case as just described in 
the paragraph on differential expansion. By knowing the amount of case 
growth and the amount of differential growth, it is possible to determine 
which is growing at a more rapid rate—the rotor or the case. If the case is 
not growing properly, the “sliding feet” of the case may be stuck. 


Alignment—The need for proper alignment between different machine 
cases of a machine train has been well established. Misalignment has 
been determined to be one of the more frequently occurring malfunction 
conditions, especially in installation of process compressor trains and gas 
turbine driven machinery trains. The normal alignment procedures gen- 
erally allow for the determination of an alignment drawing through cal- 
culations, using the anticipated growth of the various different machines 
involved. This has often been shown to be a “guesstimate” at best, and 
finding means of determining the final, hot running condition of the ma- 
chine has been proven desirable and necessary. 

Considerable work has been done in the area of hot alignment measure- 
ments. The more popular methods include optical measuring techniques, 
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utilizing optical instruments similar to those used for surveying land, and 
the proximity reference system. The proximity probe has been used to 
determine the relative position changes between shafts of different ma- 
chine cases. Popular techniques for utilizing proximity probes in this re- 
spect have been devised by Charles Jackson and Ray Dodd. These meth- 
ods are described in Volume 3 of this series. 


Other Parameters 


Speed (RPM)—The measurement of speed (rpm) of the rotor has long 
been standard procedure. Most major centrifugal machine trains have 
continuous indication of the rpm of the machine. General practice in the 
past has been to provide this indication by means of some analog type 
meter. Most of these analog meters simply provide a general indication of 
rpm of the machine. 

With the advent of new, reliable digital circuitry, digital tachometers 
have become more popular for speed indication. Besides being more ac- 
curate and easier to read, the digital tachometer lends itself very well to 
providing redundant overspeed trip protection. The digital indication of 
rpm eliminates many of the older problems associated with rpm measure- 
ment. Accurate, easily readable indication of rpm is generally provided 
in the operator control room. Many users also prefer a remote digital in- 
dicator at the machine train for use during startup operations. For ma- 
chines where digital tachometers are not normally supplied, portable dig- 
ital indicators have become popular for use during start-up for 
monitoring of rpm and for checking of mechanical overspeed trip mecha- 
nisms. 

Transducer inputs for the digital tachometers can be from a variety of 
inputs. Among the more popular are the Keyphasor® proximity probe in- 
put, the photoelectric pickup, and the magnetic pickup. These transduc- 
ers are all designed to observe a number of events per revolution of the 
shaft. This basically digital input is then translated into a direct readout 
of rpm by means of the digital tachometer circuitry. 

The correlation of vibration measurement with rpm can be important 
for the final analysis of the mechanical performance of a particular ma- 
chine. Centrifugal equipment is designed to operate in a speed range 
which will not coincide with the balance resonances of that particular 
machine, and at speeds which will not excite these particular resonances. 
A startup piece of information which is important for determining the 
balance resonances is an X-Y plot of amplitude and phase angle of the 
vibration vs. rpm of the machine. In plotting and correlating these pa- 
rameters, it is possible to easily determine the machine balance reso- 
nances (criticals). 
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Temperature Measurement—In the final analysis of the condition of a 
particular piece of rotating machinery, other parameters also become im- 
portant. One of the most popular and important parameters not yet dis- 
cussed is that of temperature measurements. The temperature of the bear- 
ing babbitt in both radial and axial bearings is becoming more and more 
popular. A correlation of this temperature information with vibration 
and/or position measurements helps to give a better indication of possible 
machinery malfunctions. 


Correlation—Correlation of temperatures, pressures, flows, and other 
external parameters which could affect the operation of a piece of ma- 
chinery is extremely important for the overall system analysis of the ma- 
chine in service. It is through this correlation that a good predictive main- 
tenance program can be established. The ability of the engineer to utilize 
all of the available information in determining the mechanical running 
condition of the piece of machinery is extremely important in the overall 
objective of maintaining proper operation and continuous on-line service 
of critical machinery. 

The engineer who has a thorough understanding of the parameters dis- 
cussed in this text will better understand the mechanical performance of 
centrifugal equipment. It is through understanding these parameters that 
he will ultimately be able to determine what a particular piece of machin- 
ery is doing. 


Transducer Types 


Before we investigate the various monitoring approaches recom- 
mended for certain machinery categories, we will summarize the charac- 
teristics of the different transducer types available today. 


Proximity Probe 
Advantages 


® Measures directly the motion of the shaft (the origin of most machine 
vibrations). 

© Measures in terms of displacement (the most meaningful engineering 
unit for rotating machinery measurements). 

@ Measurement is via noncontact medium (will not influence the mea- 
sured vibratory motion because of contact). 

© Solid-state with no moving parts. 
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© One sensor simultaneously measures both dynamic motion and (aver- 
age) position. System is modular with the most inexpensive part, the 
probe, requiring only occasional replacement (because of abuse). 

@ One extra transducer can be used as a rotor speed sensor and a phase 
reference. 

e Excellent frequency response. 

e Small size. 

@ Well-suited to most machinery environments. 

e Ease of calibration. 

© Accurate low frequency amplitude and phase angle information. 

e High level low impedance output. 


Disadvantages 


® Control of observed shaft surfaces desirable to avoid excessive sensi- 
tivity to shaft mechanical and electrical runout. 

© Somewhat sensitive to various shaft materials. 

© Requires an external power source. 

© Sometimes difficult to install. 


Velocity Pickups 


Advantages 


e Ease of installation due to external machine mounting. 

e Strong signal in the mid-frequency ranges. 

© Some are suitable for relatively high temperature environments. 
e No external power required. 


Disadvantages 


© Relatively large and heavy. 

e@ Manufactured as a unit so that a transducer fault means replacement 
of the entire unit. 

e Sensitive to input frequency (tendency to emphasize high frequen- 
cies). 

© Relatively narrow frequency response with amplitude and phase er- 
rors at low frequencies. 

® Device is mechanical, has moving parts, and is expected to degrade 
under extended normal use. 

® Difficult to calibrate. 

® Measures dynamic motion only (not static position). 

® Can respond with excessive cross-axis sensitivity at high amplitude 
levels. 
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Accelerometers 


Advantages 


@ Ease of physical installation due to external machine mounting. 

© Good frequency response (especially high frequencies, although this 
could cause a disadvantage by increasing the noise level from various 
external vibrations). 

© Small and lightweight. 

© Some are suitable for relatively high temperatures. 

© Strong signal in the higher frequency ranges. 


Disadvantages 


© Most sensitive to input frequencies (although this can be an advan- 
tage when measuring very high frequencies). 

© Difficult to calibrate. 

@ Expensive. 

@ Requires external power source. 

© Most sensitive to spurious vibrations (confusing the acquired data 
and making exact mounting location difficult). 

e Impedance matching is needed. 

@ Normally requires some filtering for monitoring applications. 


Note: Although ease of installation is listed as an advantage, this is 
only because of its physical location on the externals of a machine; an 
accelerometer is actually very sensitive to the method of attachment to 
the machine case; in addition, the proper location on the machine case for 
a meaningful measurement of vibration can be difficult to determine. 


Signal Conditioning 


Once a transducer type has been selected, it is usually best to use a 
readout in the same engineering units as the transducer, e.g., proximity 
probes should be used with a readout which will display mils peak-to- 
peak displacement. It is certainly possible to change the units of the read- 
out through electronic integration or differentiation; however, this 
process should be carefully evaluated. One overriding concern is the reli- 
ability of the monitor system. Whenever additional electronics are added 
to the circuitry between the transducer and the alarm/readout circuits, the 
overall system reliability decreases. We therefore recommend, when pos- 
sible, that monitors have a minimum of extra circuitry (integrators, dif- 
ferentiators, filters, etc.) between the transducer and the protection cir- 
cuits in order to ensure maximum reliability and minimize confusion. 
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There are some applications where the benefits of electronic signal 
massaging outweigh the decrease in system reliability. Since electronic 
differentiation is difficult (expensive and less reliable) and double inte- 
gration can introduce unreasonable errors and noise susceptibility prob- 
lems through the use of high gain amplifiers, single integration is the 
most usable conversion for practical purposes. One common use of sin- 
gle integration involves changing a velocity signal to displacement. We 
have discussed why displacement is usually a more significant parameter 
to use for machine protection and diagnostics, but, at the same time, we 
realize that there are some situations where a proximity probe cannot be 
installed due to time available, mechanical constraints, environmental 
considerations, and the like. In some applications (usually machines with 
rolling element bearings), there may be significant housing motion and 
not necessarily as much shaft motion relative to the housing. In these 
cases, a velocity transducer could be used and the velocity signal inte- 
grated to displacement. Although the ideal transducer may not be used, 
through a minimum of additional electronics, the ideal readout parame- 
ter, displacement, can be evaluated. 

There is one additional tool which can be employed to help optimize 
the use of various transducers. That tool is the electronic filter circuit. 
We would generally discourage the use of filters in monitor circuits be- 
cause, as stated earlier, the addition of any extra electronics in the moni- 
tor tends to lower the overall reliability of the instrument. Since a filter, 
by definition, discards information, important machinery data may be 
discarded by the filter. Also, filters can introduce phase and amplitude 
errors. However, in some situations the advantages of using a filter will 
compensate for the disadvantage of somewhat decreased reliability. In 
some cases a filter is necessary to help overcome the limitations or unde- 
sirable characteristics of a given transducer. One valid application for the 
use of a filter is in monitoring a speed increaser or reducer (gearbox). 
Generally, high speed gear units use hydrodynamic sleeve or tilt-pad 
journal bearings, and as such these machines exhibit a significant amount 
of shaft motion relative to the bearing support structures. Thus, the 
transducer for basic machine protection against the common rotor-related 
malfunctions should be the proximity probe. However, gear units can 
also exhibit some very high frequency vibrations as a result of normal 
gear contact forces. These vibrations are generally characterized by high 
acceleration and low displacement amplitudes. The displacements are of- 
ten so low as to be barely measurable by proximity probes. Therefore, a 
common application is to use a case-mounted accelerometer in addition 
to the proximity probes to measure/monitor these high frequency vibra- 
tions. If the unfiltered acceleration signal contains “noise” from the 
other sources of vibration, then a band-pass filter covering the range of 
expected gear mesh frequencies would be useful. 
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Another application of filters and signal integration involves monitor- 
ing of various special machine categories including rolling element bear- 
ing machines. On those machines which show very little shaft relative 
motion or in situations where proximity probes cannot be installed, a ve- 
locity pickup or accelerometer may be used. One possibility is to use a 
Dual Path Monitor® with a velocity transducer. The Dual Path Monitor® 
divides the transducer input signal into two paths, A and B. Path A re- 
tains the velocity units, and a filter in the path is optional for isolating 
those frequencies associated with rolling element bearing failures. Path B 
has an integration circuit to convert velocity to displacement and an op- 
tional filter to isolate rotor-related frequencies. Each path has individual 
alert and danger set points and one common meter which will display 
both velocity and displacement amplitudes. The Dual Path concept is not 
limited to rolling element bearing machines; it can be used in any situa- 
tion where discrete vibration frequencies, representative of discrete ma- 
chine malfunctions, must be separated and evaluated in different terms in 
order to provide an optimum machine protection system. 


Shaft Rider 


One last transducer consideration involves a device which we have not 
discussed up to this point, the shaft rider. The shaft rider includes a seis- 
mic transducer (velocity pickup or accelerometer) which is connected to 
a small rod, the end of which actually makes contact with the shaft, 
through or adjacent to a journal bearing. The rod is held in place against 
the shaft by means of a spring loaded mechanism and this, coupled with 
the seismic transducer, makes the entire transducer very much mechani- 
cal in nature. As such, it is susceptible to the wide variety of mechanical 
failures—wear of parts, change in spring and/or damping, improper con- 
tact between the rod and the shaft, etc. Since a seismic transducer 
produces the output signal, special equipment is required to verify cali- 
bration of the unit. In addition, the shaft rider provides a measurement of 
shaft absolute motion only, while the alternative transducer, the dual 
probe, provides four different measurements including shaft absolute 
motion. A dual probe is a relative proximity probe mounted at the same 
location as a velocity transducer. The dual probe provides (1) shaft rela- 
tive dynamic motion and (2) shaft average relative position (the measure- 
ments made by the proximity probe), (3) case absolute motion (the mea- 
surement made by the velocity transducer, and (4) shaft absolute motion 
(the measurement provided by the electronic vector sum of both trans- 
ducer dynamic signals). The dual probe provides four pieces of informa- 
tion whereas the shaft rider provides only one, and even that measure- 
ment, shaft absolute motion, is made more accurately with the dual probe 
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than with the shaft rider due to the mechanical nature of the shaft rider. 
The dual probe also enables one to study the respective amplitudes and 
phase relationships of vibrations of the shaft and case. 


Generalized Monitoring Recommendations for Specific Machine Types 


The extent to which it is recommended to measure (and monitor) vari- 
ous parameters is based on the most common applications of the various 
machine types listed. That is, some machines such as centrifugal com- 
pressors, steam turbines, and generators are usually employed in critical 
paths of many plant processes. Other types such as small motors, pumps, 
and fans are more commonly employed as noncritical or semicritical ma- 
chines. Therefore, our recommendations for monitoring compressors 
will generally be more extensive than those for fans. Special applications 
of some machine types are listed separately as necessary. As stated ear- 
lier, these machine measurements must be correlated with process varia- 
ble measurements in order to obtain a complete machine protection sys- 
tem. The recommendations given here are not absolute. They apply to 
the most common design configurations and process applications of the 
machine types listed, but as with any general set of rules, there will be 
exceptions. 

It should be noted that the selection of any transducer/monitor system 
involves many compromises. Let us assume that for a hypothetical ma- 
chine, transducer system A is required for basic protection against the 
most frequently occurring malfunctions. If transducer system A is used 
with a monitor system, the machine may be protected against, for exam- 
ple, 70 percent of its potential malfunctions. The installation of trans- 
ducer/monitor system B may offer protection against an additional 20 
percent of potential malfunctions while transducer/monitor system C will 
protect against 5 percent of all malfunctions (in reality, 100 percent can- 
not actually be achieved). Of course it is nearly impossible to determine 
these percentages on a real world machine, but let us assume that they 
form the basis of our technical evaluation of protection for systems for 
this machine’s application. Then the technical priorities are weighed 
against the economic considerations and a decision is made. For some 
semicritical and noncritical machines, the use of system A may be suffi- 
cient. For critical machines, it may be justified to monitor all three sys- 
tems. For some semicritical machines we could monitor the basic system 
A and have system B and C transducers permanently installed (without 
monitors) for future complete machine analysis. In many applications, 
permanently mounted transducers (in addition to primary protection 
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transducers), can be very valuable and economic indeed. In most cases, a 
permanently installed transducer will provide a much more accurate 
measurement than a hand-held one, or even one mounted with a magnetic 
base or vise grips. Also the transducer usually represents a small part of 
the cost of a complete monitor channel. When selecting a monitor/trans- 
ducer system, considering the many varied applications, the choices are 
many. 

In general, it is important to recognize that in order to determine the 
optimum protection system for machinery, each piece of machinery must 
be evaluated individually. Available data are often insufficient for a de- 
tailed analysis of a particular machine’s expected behavior under normal 
and malfunction conditions. It then becomes necessary to use best engi- 
neering judgment and experience in determining what should be moni- 
tored. Often the user company has a machinery specialist group to pro- 
vide the function of monitoring system specification. However, the user 
can also rely on the machinery manufacturer, the engineering consultant/ 
contractor, and/or the machinery protection system manufacturer to ac- 
complish this function. Also, specifications for the purchase of various 
types of machines and monitor systems have been published by national 
organizations. 

If you are reading this segment of our text to determine the proper 
monitoring system for a particular type of machine, we suggest you first 
read the section on Large Steam Turbines and then the section pertaining 
to your particular machine. Large steam turbines typically require the 
most complete monitoring system when compared to other types of ma- 
chines. By first reading our description of this complete system, it may 
help you understand our recommendations for the other machines cov- 
ered in subsequent sections. 


Steam Turbines 


Large Steam Turbines usually consist of two or more steam turbine 
casings, or bodies. We generally call each body a case. Typically, large 
steam turbines consist of a high pressure case, an intermediate pressure 
case, and a low pressure case. The rotors are rigidly coupled together, 
and the entire turbine shaft is rigidly coupled (usually to a generator). 

The fundamental monitored points for large steam turbines are vibra- 
tion and thrust (axial) position. The general recommendation for vibra- 
tion is to monitor X-Y proximity probes mounted at or near each radial 
bearing of the turbine and generator. These machines utilize fluid film 
bearings with a reasonable amount of damping so that shaft relative mo- 
tion is more significant than casing motion. Traditionally, these machines 
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have been monitored with shaft rider transducers mounted in the vertical 
plane only. In the first place, X-Y measurement is always recommended 
because it is impossible to determine at what radial angle the maximum 
vibration will occur. Even on machines which have a normal axis of 
greater freedom, such as with elliptical bearings (for shaft measurement) 
or cases which are more flexible in one direction (for case measure- 
ment), changing machine parameters such as alignment can restrict the 
motion of the machine in the normal direction. Secondly, if shaft absolute 
monitoring is desirable, the dual probe is a much better transducer than 
the shaft rider. The ideal installation would be X-Y dual probes at each 
radial bearing. 

Actually, experience has shown that most large steam turbines do not 
require shaft absolute measurement, as the majority of the motion is shaft 
relative to the bearing. However, on some machines, the dual probe is 
indeed necessary. Those machines can be categorized as follows: 


1. Those which exhibit a significant amount of case absolute motion in 
addition to shaft relative motion (case motion is generally considered sig- 
nificant when the case vibration amplitude is greater than 1/4 of the shaft 
relative amplitude). 

2. Those which exhibit significant casing vibrations during start-up of the 
machine. 

3. Those which were originally supplied with shaft riders and it is desir- 
able to measure shaft absolute motion so that a better comparison can be 
made with past historical data on the machine. For these machines, X-Y 
dual probes are recommended. 


For large steam turbine units, the leading manufacturer of machinery 
protection systems recommends a convenient economic compromise be- 
tween X-Y relative proximity probes and X-Y dual probes. The compro- 
mise includes a relative probe in one plane (Y, for example) and a dual 
probe in the perpendicular plane (X, for example). This arrangement 
maintains the desired proximity configuration and, in addition, it allows 
for some measurement of casing vibrations. In this situation, the seismic 
transducer of the dual probe need not be continuously monitored if casing 
motion is not considered to be continuously significant. For example, the 
seismic transducer may only be measured during startup or during load 
changes or possibly during balancing runs (when coupled with the rela- 
tive probe to read shaft absolute motion). If one of the two X-Y planes is 
predominantly horizontal, it would be desirable to choose this location 
for the dual probe and the predominantly vertical plane for the proximity 
probe. This manufacturer has found that, in general, the structures of 
these machines are softer in the horizontal plane. 
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Because of economic or other considerations, a machine may only be 
monitored by a limited number of transducers; however, other (unmoni- 
tored) transducers can be installed permanently in order to be available to 
provide the additional information necessary for complete analysis of the 
machine. Most diagnostic instruments are capable of accepting inputs di- 
rectly from the various transducers without signal conditioning (as pro- 
vided by a monitor) being required. Therefore, unmonitored transducers 
can still be used with diagnostic instruments, while the overall expense 
of monitoring may be kept to a reasonable level. We must caution that a 
monitoring system should not be compromised to an extent which will 
also compromise basic machine protection. Additional radial probes, 
mounted laterally away from from the bearings, will help determine the 
shaft mode shape when compared with the data provided by the moni- 
tored (radial vibration) probes. Auxiliary measurements can also be em- 
ployed to determine foundation, turbine housing, piping and other struc- 
tural vibrations. 

Thrust position measurements (and monitors) are necessary to indicate 
impending thrust bearing failure and/or abnormal axial shaft action. The 
probe should be mounted near the thrust collar, within 12 inches (300 
mm) for meaningful data, observing the thrust collar itself, the end of the 
shaft, and auxiliary collar, or a shoulder or step in the shaft diameter. 
When the thrust position monitor is connected to a machine shutdown 
circuit, it is recommended that a two-probe voting arrangement be used 
to minimize false shutdowns. 

Another important application of proximity probes to steam turbines is 
the measurement of shaft radial eccentricity position in the journal bear- 
ings. This measurement is available from the same probes which are 
installed to monitor radial vibration. The measurement can provide 
meaningful data regarding preloads, electrostatic erosion, and other dis- 
turbances which affect the average shaft position relative to the bearing 
clearance. Measuring X-Y radial shaft position can result in a calculation 
of the attitude angle of the shaft average position, the position of the shaft 
centerline with respect to the bearing centerline. 

Another type of eccentricity measurement is usually necessary on these 
large machines. This is called eccentricity peak-to-peak and is a measure- 
ment of the bow or sag in the rotor caused by gravity or uneven cooling 
of the rotor. An eccentricity peak-to-peak monitor is used to indicate the 
amount of shaft bow, a parameter which must be considered before a tur- 
bine startup. 

A Keyphasor® probe, providing a once-per-turn timing mark, should 
be included on the turbine shaft at some radical location to provide speed, 
phase angle and timing information for the entire machine train. The 
Keyphasor® can be used directly to measure speed and can also be used to 
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measure shaft speed acceleration (revolutions/minute/minute) for those 
machines where shaft acceleration during startup may be critical. The 
Keyphasor® can also be used for the measurement of zero speed, so that 
operators will know exactly when to engage the turning gear after tur- 
bine shutdowns; and, of course, the Keyphasor® provides a means to 
measure phase angle. 

Large steam turbines are usually supplied with a set of monitored func- 
tions grouped together called the Turbine Supervisory Instrumentation 
(TSI) System. These measurements include shaft/casing differential ex- 
pansion, casing/foundation expansion, valve position, and phase angle. 
Phase angle measurement can be provided by a Digital Vector Filter. The 
DVF can display simultaneously shaft rpm, vibration amplitude (overall, 
or filtered at running speed) and phase angle for any vibration point on 
the entire machine train. The unit provides continuous analog outputs for 
making two types of plots: Bodé plot—an XYY plot of phase angle ver- 
sus rpm and amplitude (filtered at 1 x) versus rpm, and polar plot—a 
polar coordinate plot of the rotational speed vector as speed is varied. 
These plots can be used directly to determine many machine characteris- 
tics such as the location of balance resonances (critical speeds), struc- 
tural resonances, and amplification factors over the operating speed 
range of the machine. The phase angle measurement also provides infor- 
mation for the locations of the high-spot to be used for balancing. 

Temperature should be monitored at the journal bearings and thrust 
bearings of the turbine and generator. At least two sensors should be lo- 
cated in each radial bearing and on each side of the thrust bearing. Also, 
temperature of the generator rotor and stator windings should be moni- 
tored as well as the oil systems and machine ambient temperatures. At 
times an accelerometer may be useful for measuring high frequency 
blade-related vibrations. 

Mechanical Drive Steam Turbines are best monitored using X-Y rela- 
tive proximity probes at each journal bearing for vibration, and a mini- 
mum of one axial probe for monitoring thrust position. A Keyphasor® 
probe should be used to provide measurements of speed and phase angle. 
Temperature of radial and thrust bearings should be monitored as well as 
oil system and ambient temperatures. TSI measurements are sometimes 
applicable on various types of mechanical drive steam turbines; these in- 
clude differential expansion, valve position, and eccentricity peak-to- 
peak (shaft bow). Eccentricity position should also be monitored, using 
the same probes as for radical vibration. 

Marine Turbines are generally two separate machine casings (high 
pressure and low pressure); cross coupled with piping, but operating on 
two shafts to drive the gear reduction unit to the final drive (propeller) 
shaft. Each turbine shaft should be monitored as described earlier for 
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mechanical drive turbines. In addition, because of the relatively flexible 
support structure on most marine turbines, casing vibration and align- 
ment measurements are of great importance. Shaft radial eccentricity po- 
sition should be monitored (using the same probes which monitor radial 
vibration) and consideration should be given to some type of cold/hot 
alignment measurement using external references. Temperatures of the 
bearings (radial and thrust), oil systems, and ambient conditions should 
be monitored. 


Gas Turbines 


Large And Medium Industrial Gas Turbines are usually equipped with 
fluid film bearings and thus should be monitored with X-Y relative prox- 
imity probes at each radial bearing. Some of these machines have rela- 
tively flexible support structures and, as such, bearing housing vibration 
measurements are recommended in addition to shaft relative measure- 
ments. A dual probe should be used at these bearing locations to make 
both measurements. An additional vibration measurement, using an acce- 
lerometer, can be used to measure high frequency blade excitations. At 
least one axial probe should be employed to monitor thrust position. 

A Keyphasor® should be used to provide phase angle and speed mea- 
surement. Speed measurement is of particular importance since many gas 
turbines have a specific rpm-related startup sequence. On two shaft gas 
turbines, it is desirable to have one Keyphasor® for the air compressor 
shaft and a second Keyphasor® for the power turbine shaft. Temperature 
of the machine bearings, oil supply, and ambient environment should also 
be monitored. 

Hot Gas Expander (Jet) Turbines utilize an aircraft derivative jet en- 
gine design. The hot gas exhaust of the engine is fed into an overhung 
power turbine coupled to the driven equipment (compressor, generator, 
pump, etc.). Jet engines are usually equipped with rolling element bear- 
ings, and the mechanical impedance between the shaft and the case may 
make seismic casing measurements more meaningful than on other tur- 
bine designs. However, some of these rolling element bearings are them- 
selves mounted in flexible supports (squeeze film damper bearings), and 
therefore the appropriate measurement is shaft motion as measured by X- 
Y proximity probes mounted to the bearing support structure. 

The power turbine is usually equipped with sleeve bearings and should 
have X-Y proximity probes mounted at each radial bearing. At least one 
axial probe should be installed at each thrust bearing, and temperature of 
machine components should be monitored. Since the jet engine and 
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power turbine are not directly coupled, a Keyphasor® should be mounted 
on each separate shaft to provide speed and phase angle measurement. 

Small Industrial Gas Turbines with rolling element bearings fall into 
the same category as jet engines. Proximity probes mounted some lateral 
distance away from the rolling element bearings would be desirable; 
however, such installations are difficult because of the small size of the 
machines. Therefore, casing velocity transducers (or accelerometers for 
very high speed applications) can be used with Dual Path Monitors® as a 
compromise. In similar service are small gas turbines with fluid film 
bearings. These should be monitored with X-Y proximity probes. Thrust 
position probes and a Keyphasor® probe should also be used in addition 
to bearing and other temperature measurements. 


Hydro-Electric Turbines 


Hydro-Electric or Hydraulic Turbines are equipped with fluid film 
bearings and should be monitored with X-Y proximity probes at each ra- 
dial bearing. Since these vertical machines have large bearing clear- 
ances, the monitoring of shaft radical position, in addition to shaft radial 
dynamic motion, is important. Of course, both position and motion mea- 
surements are made by the same proximity probes. The machine should 
also have at least one thrust probe and a Keyphasor® probe to provide 
speed, phase angle, and timing information for the entire machine train. 
Because of the low operating speed of most of these units, low frequency 
signal conditioning circuitry may be necessary in the monitors. 


Electric Motors 


Electric Motors are often used as prime movers in process compressor 
and pump applications. Most of these are equipped with fluid film bear- 
ings and should be monitored with X-Y proximity probes. Monitors have 
a magnetic center that provides for the centering of the rotor, so the moni- 
toring of axial shaft position is not as important here as with other ma- 
chine types. However, position measurements should be made periodi- 
cally on the radial probes as well as on permanently installed axial probe. 
Sometimes axial centering is a particular difficulty, so an axial probe 
should be monitored for axial vibration. Small electric motors with roll- 
ing element bearings should be monitored with casing velocity transduc- 
ers and Dual Path Monitors. 
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A Keyphasor® probe should be installed to provide speed, phase angle 
and timing information for the entire machine train. For motors in special 
critical service (e.g., nuclear), an important measurement can be locked 
rotor condition during startup. Temperatures should also be monitored at 
each bearing, the rotor and stator windings, and the oil system. 


Compressors 


Packaged Centrifugal Compressors are integrally geared, skid- 
mounted centrifugal units consisting of a driver (motor or turbine), a bull 
gear, and up to four pinions. Each pinion shaft terminates in an impeller. 
These machines are often described as packaged air machines, since the 
most common service is general plant compressed air supply. Generally, 
the driver and bull gear speed is 3,600 rpm or less, and the pinion speeds 
can be as high as 60,000 rpm. These machines are produced as a package 
with the entire machine mounted on a common foundation which also in- 
cludes a panel with control and monitoring instrumentation. Because of 
the large number of these machines manufactured, proper monitoring lo- 
cations for proximity probes have been established by the various ma- 
chine manufacturers. Nearly all of these machines are supplied by the 
OEM with one proximity probe per impeller (one or two per pinion) and 
sometimes one probe on the bull gear shaft. In some instances, manufac- 
turers have been able to respond to user specifications by supplying X-Y 
proximity probes and Keyphasor® probes on the various shafts. 

Process Centrifugal Compressors are usually larger than packaged units 
and have radial-flow or axial-flow stages usually mounted in the center 
span of the rotor between two fluid film bearings. These machines 
should be monitored with XY radial proximity probes at each journal 
bearing and at least one axial probe at the thrust bearing. If thrust posi- 
tion measurement is connected into automatic shutdown, then two axial 
probes should be installed in a voting logic configuration to reduce the 
possibility of false trips. If radial vibration channels are also wired into 
automatic shutdown, then extra false trip protection should be incorpo- 
rated in the radial vibration monitors. 

It is not necessary to mount a Keyphasor® probe on the compressor if 
the coupled driver operates at the same speed and is equipped with a Key- 
phasor.® However, if a gearbox is part of the system, then the compres- 
sor(s) on the opposite side of the gearbox from the driver should have a 
Keyphasor.® Temperatures of all bearings, oil supply, and ambient condi- 
tions should also be monitored. On axial compressors, an accelerometer 
can be a useful auxiliary measurement for determining blade distur- 
bances. 
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Reciprocating Compressors of the horizontal type can usually be moni- 
tored by using X-Y proximity probes to observe the piston rod or plunger 
of the compressor in addition to X-Y probes at accessible main crank- 
shaft bearings. Monitoring the average position of the plunger can deter- 
mine rod misalignment, packing wear, and wear on the sliding element 
and cylinder liner. Monitoring the dynamic motion signal of the probe 
can determine rod vibration or flexure (deflection). This is most neces- 
sary on hypercompressors. A Keyphasor® could be installed on one of 
the drive rods to provide speed and timing information. An alternative 
location for the Keyphasor® may be found on the crankshaft or motor 
driver. The Keyphasor® should be installed so that the voltage pulse oc- 
curs when one cylinder is at top dead center to observe the relationship of 
all plunger positions as a function of stroke. 

Screw Compressors have two rotors with interlocking lobes and act as 
positive displacement compressors. If the machine is equipped with fluid 
film bearings, the optimum installation should include X-Y proximity 
probes at each radial bearing of each rotor as well as at least one axial 
probe for thrust position measurement of each rotor. Thrust position 
monitoring of each rotor is very important because a thrust bearing fail- 
ure means an axial rub will occur between the rotating elements. If roll- 
ing element bearings are used, monitoring with casing velocity transduc- 
ers and Dual Path Monitors® is acceptable; however, due to the very 
close axial clearances between rotors, axial shaft position monitoring is 
still of importance. The case-mounted transducer should be a velocity 
pickup with a Dual Path Monitor® measuring both velocity and displace- 
ment vibration. Temperatures of machine components should also be 
monitored. Two Keyphasor® probes, one for each rotor, would be desir- 
able. 


Generators 


Generators are usually supplied with fluid film bearings and should be 
monitored with proximity probes at each radial bearing. Some generators 
have relatively soft support structures and require casing vibration and 
shaft absolute vibration monitoring in addition to shaft relative monitor- 
ing. (Refer to the same discussion in the large steam turbine section.) If 
the generator is not rigidly coupled to the driver, an axial probe should be 
installed to measure thrust position and axial vibration. Temperatures 
should be measured at each bearing and also at the rotor and stator wind- 
ings, oil system, and ambient environment. 
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Pumps 


Large Pumps such as those used in boiler feed water service or reactor 
coolant feed service in nuclear plants are generally equipped with fluid 
film bearings and should be monitored with X-Y proximity probes at 
each radial bearing and at least one thrust probe. A Keyphasor® should 
also be installed if pump speed is different from driver speed. Tempera- 
ture of each bearing should be monitored, along with ambient and oil sys- 
tem temperatures. 

Medium Pumps are generally used in semicritical or noncritical ser- 
vices and can be equipped with either fluid film or rolling element bear- 
ings. If economically justified, sleeve bearing pumps in semicritical ser- 
vice could use transducers as previously discussed for large pumps, but 
all transducers need not be monitored continuously. Those in noncritical 
service should have the same transducers permanently installed with 
measurements being made on a periodic basis as a minimum or ideally 
with a simple scanning monitor system. Pumps with rolling element 
bearings (particularly multistage designs) will usually show significant 
shaft deflection away from the bearing, so proximity probes would seem 
appropriate. However, in many cases such installations are difficult due 
to the small machine size, so velocity transducers may be used with a 
Dual Path Monitor®. A Keyphasor® should be installed unless provided 
on the driver at the same rotative speed; and the machine casing, oil sys- 
tem, and ambient temperatures monitored if economically justified. 

Small Pumps are usually noncritical, are generally spared machines, 
and usually employ rolling element bearings. The economics generally 
favor only periodic measurements with portable instrumentation. On 
these machines, periodic measurements with case-mounted transducers 
may occasionally be selected for preventive maintenance; or some type 
of simple scanning monitor would be even more ideal. 

Note also that large-scale acoustic incipient failure detection (IFD) sys- 
tems have performed this function in modern plants. Refer to Volume 1 
of this series for details. 

Some small pump designs have flexible rotors (particularly overhung 
models) and/or squeeze-film damper rolling element bearings. These 
could be monitored with proximity probes measuring shaft motion rela- 
tive to the bearing support structure. 

Reactor Coolant Pumps and other pumps in nuclear service inside the 
containment of a reactor should receive special consideration. The opera- 
tion of all of these pumps in a nuclear reactor is critical, so the best moni- 
toring systems available should be installed. Many times these pumps are 
vertical and have one radial bearing at the top with a bushing and over- 
hung impeller at the bottom. Since it is impossible at this time to monitor 


648 Major Process Equipment Maintenance and Repair 


the shaft at the lower bushing of the pump on many of these machines due 
to pressures, temperatures, and Nuclear Regulatory Commission (U.S.) 
regulations, the top bearing of the machine should be monitored with X- 
Y proximity probes. Experience has shown that the motor generates sig- 
nificant casing motion and shaft motion relative to the casing. Therefore, 
it is desirable to install X-Y seismic transducers (velocity at the top and 
bottom motor bearings) in addition to X-Y proximity probes at the same 
bearings. It may be difficult to install the proximity probes, but the prin- 
cipal manufacturers have had good experience and have gathered mean- 
ingful data from X-Y proximity probes installed below the bottom motor 
bearing and above the coupling hub. A Keyphasor® should be installed 
on the pump or driver, and bearing temperature measurements are rec- 
ommended. 


Gears 


Gearboxes in the form of speed increasers or reducers are usually 
equipped with fluid film bearings and should be monitored with X-Y 
proximity probes at each bearing. Since this means eight probes for the 
common four-bearing gearbox, economic considerations may dictate that 
the monitoring system be compromised. In any event, on large gear units 
all of the recommended transducers should be installed permanently for 
future diagnostic capabilities, and the input and output shafts should be 
continuously monitored at the coupling-end bearings. One or both rotors 
should be monitored for thrust position with at least one probe per rotor. 
Single helical gears have thrust bearings on both shafts to absorb the heli- 
cal-generated thrust loads; therefore, axial probes for each rotor are 
mandatory. The thrust, or positioning bearing of double helical gears has 
little or no normal thrust loading, but gear coupling lockup could cause 
severe damage to the thrust bearing. Double helical gears usually have 
only one thrust bearing, typically on the bull gear. Therefore, that thrust 
bearing rotor should be monitored with at least one axial probe. For the 
nonthrust bearing rotor, it is desirable to have at least the axial probe per- 
manently installed for full diagnostic capability. The thrust probes can 
also be used to monitor axial vibration, an important indicator of gear 
condition. In addition, bearing temperatures, oil system and ambient 
temperatures should be monitored. An auxiliary accelerometer can be 
used to monitor the high frequency excitations produced by gear tooth 
interaction. In some applications, it may be desirable to monitor the aux- 
iliary accelerometer(s) with a Dual Path Monitor®. Smaller gearboxes 
with rolling element bearing may be monitored with casing velocity 
transducers and Dual Path Monitors®. 
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Fans 


Fans have many industrial applications. Some large fans such as those 
used for forced-draft and induced-draft applications have fluid film bear- 
ings and thus fall into the same category as large compressors and blow- 
ers. They should be monitored with X-Y proximity probes as recom- 
mended for those machines. On large fans, shaft bows, both thermal and 
mechanical, create large problems. Therefore, proximity probes are nec- 
essary to differentiate between shaft bow and actual rotor dynamic ac- 
tion. This is particularly true for balancing work. Many of these ma- 
chines have relatively flexible bearing support structures and/or a 
history of foundation problems. For these machines, bearing housing vi- 
brations should be included with the shaft measurements. If it is not eco- 
nomically feasible to use dual probes on a particular large fan, then cas- 
ing velocity transducers with Dual Path Monitors® may provide a 
convenient compromise. If the bearing housing is sufficiently compliant 
to exhibit enough shaft-generated motion, then casing measurements may 
be appropriate. In any event, unmonitored proximity probes should be 
installed permanently for balancing and analysis, and should be mea- 
sured periodically (particularly the average gap DC output). For smaller 
fans with rolling element bearings, if significant shaft-generated motion 
can be detected on the casing, then velocity transducers may be used with 
Dual Path Monitors®. When case-mounted transducers are used, the 
monitor may require special low-frequency compensation electronics de- 
pending on the speed of the fan. 

Cooling Tower Fans represent a unique application in rotating machin- 
ery. The prime malfunction of most of these machines is fan unbalance. 
Therefore, it would be desirable to monitor shaft motion with proximity 
probes. However, there is no suitable location to mount proximity probes 
as the entire tower structure exhibits significant dynamic motion. In ad- 
dition, bearing (rolling element) and gear problems account for many fan 
failures which further supports the need for case measurement. These 
fans should be monitored with a velocity transducer mounted on the right 
angle gearbox and possibly a Dual Path Monitor® with alarms and read- 
ings in terms of velocity and displacement units. The velocity transducer 
must have adequate environmental protection and special frequency com- 
pensation must be provided in the monitor to offset the limitations of the 
transducer. 


Centrifuges 


Centrifuges have traditionally been monitored with seismic pickups 
measuring casing motion. However, some centrifuge designs allow the 
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installation of X-Y proximity probes mounted to the bearing supports or 
to the outside housing of the machine. On several applications, shaft 
measurement has proven to be an earlier indicator of potential problems. 
It is expected that shaft measurements will be used much more exten- 
sively in the future. A proximity probe is also essential to monitor axial 
position between the inner and outer drums of certain centrifuges. 


Pulp Refiners 


Pulp Refiners, as used in the paper manufacturing industry, have re- 
ceived increased attention in recent years from the standpoint of vibration 
monitoring. The initial approach to monitoring these machines used ve- 
locity pickups mounted radially at each bearing. This method has been 
somewhat successful, especially when used with the Dual Path Monitor®. 
Recently, the monitoring equipment manufacturers report seeing proxim- 
ity probes used in place of the velocity pickups on some machine designs, 
and this has also been successful. In addition, at least one proximity 
probe, or two for double (counter rotating) disk refiners, should be in- 
stalled, on each separate rotating element, to provide speed, phase angle 
and timing information for the machine. 


Minimizing Electrical Runout During Rotor Manufacturing* 


This segment of our text would not be complete without comments on 
problems relating to eddy-current based transducer accuracy. (See the dis- 
cussion of this transducer early in this chapter.) 

Noncontacting eddy-current proximity probes have proven to be the 
most successful transducers for vibration measuring and monitoring of 
high-speed rotating machinery. The proximity probe can prove superior 
to other vibration sensors, particularly velocity transducers and accelero- 
meters, because of one major factor: The probe observes shaft motion 
directly while velocity and acceleration sensors observe bearing housing 
or machine casing motion. This can be a major advantage because the 
most frequently occurring machine malfunctions, unbalance, misalign- 
ment, rubs, whirls, etc., produce direct changes in shaft dynamic motion 
and/or average shaft centerline position within the bearing clearance. 


* Source: Bently Nevada Company, Minden, Nevada 89423. Adapted by permission. 
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The bearing housings or machine casing do not directly show this change 
in shaft motion due to mechanical impedance, i.e., damping within the 
machine, phase lag, structural resonances and other factors. 

Therefore, the proximity probe observes that part of the machine 
which is most indicative of the running condition of that machine. In ad- 
dition, the casing mounted transducers have potential problems, electri- 
cal and mechanical noise and mechanical fatigue, for example, which are 
not associated with proximity probes. The probes, however, are not with- 
out disadvantages. Other than the isolated probe installation limitations 
on some machinery types, the only significant difficulty with proximity 
probes results from direct observation of the shaft. Proximity probe oper- 
ation depends on a smooth, concentric shaft surface with consistent elec- 
trical properties of the shaft metallurgy. 

“Runout” and “glitch” are terms associated with a noise source on the 
output signal of a proximity probe transducer. As has been documented in 
the literature, this runout is of two types—electrical and mechanical. The 
literature sufficiently explains how electrical and mechanical runout can 
be detected, analyzed, and corrected or compensated. Typically, electri- 
cal runout has not been a problem on the vast majority of new machinery 
shaft materials. Our data indicate that 90+ percent of all new machinery 
specified with proximity measurement probes has acceptable glitch lev- 
els. However, in the 10 percent of the cases where glitch is a problem, it 
can be significant, especially during machine acceptance testing at the 
manufacturer’s shop when low levels of runout are a part of the purchase 
contract. 

Obviously, if a shaft has a potential glitch problem, it should be discov- 
ered long before the machine reaches the test stand. So our first general 
recommendation to manufacturers is to check for glitch early in the shaft 
manufacturing procedure. Our further recommendations are in the areas 
of material selection, forging, material handling and finishing, and other 
processes in the manufacturing cycle. 


Shaft Material Influence on Glitch 


Electrical runout is generally caused by nonhomogeneous metallurgy 
in that portion of the shaft observed by the probe. It is recognized that 
many other factors, in addition to susceptibility to electrical runout, in- 
fluence the selection of a particular shaft material. However, some gen- 
eral knowledge of shaft material and its susceptibility may help where 
material application flexibility is available. 

Shafts machined from 1000/4000-series steels usually present minimal 
glitch problems as long as high-quality material is specified. Vacuum re- 
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melt or vacuum arc melt “aircraft” steels tend to be more uniform and 
thus yield lower glitch levels. 

The 1000-series steels exhibit more electrical runout in an untreated 
state than the 4000-series but respond more readily to glitch removal 
techniques. 


Forged Shafts 


Forged shafts can present a potential electrical runout problem. Again, 
quality of the raw stock and the forging process are important. The han- 
dling of the hot forging can influence its glitch performance. Practices 
such as picking up the hot shaft in the probe area can selectively quench 
the shaft, thus inducing glitch. Forged shafts that are double tempered 
(such as used on steam turbines) appear to exhibit lower susceptibility to 
glitch. This is probably due to the more uniform tempering of the steel. 
Any specification or testing procedure, such as “ultrasonic inspection,” 
which will ensure metallurgical uniformity of the shaft, will improve its 
glitch performance. 


Heat Treating 


Uniform heat treating of a shaft can improve glitch; however, nonun- 
iform heat treating can induce glitch. In order to minimize glitch, tem- 
pering must be uniform. Rotating the shaft while treating may help in this 
respect. Certain case hardening techniques appear to cause glitch. 


Precipitation Hardening 


Steel of 17-4 pH nearly always presents an electrical runout problem. 
Some form of material replacement (shrink a collar, overspray a mate- 
rial) is normally required to eliminate glitch. 

Other pH steels such as 15-5 pH seem less prone to glitch but any pH 
steel may cause difficulties. 


Finishing Procedures 


The finishing procedures used on the last 10 mils (250 micrometers) of 
shaft radius can significantly affect electrical runout. 

Turning to a rough diameter, then wet grinding to ensure concentricity 
appears to cause little difficulty. Make sure that the finish feed rate and 
cooling is sufficiently controlled to avoid hot spots or chatter, especially 
during the last 5 mils (125 micrometers). The completion of this proce- 
dure generally results in a 15 to 35 microinch rms finish. At this stage, 
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one of several final finishing procedures is often used; “micro” or “su- 
per” grinding, honing or lapping, or burnishing. Microgrinding may 
cause glitch. Honing is generally better. Burnishing, especially diamond 
burnishing, not only yields a bearing quality finish but in most cases sub- 
stantially reduces glitch previously present. Demagnetizing after me- 
chanical finishing has been known to reduce glitch, and is generally a 
necessity after grinding. 


Handling 


Care must be exercised to ensure that mechanical damage does not oc- 
cur to an otherwise glitch-free surface. Nicks or scratches are obvious 
mechanical runout problems but an impact which does no deformation 
can work-harden the area and cause electrical runout. 


Magnetic Particle Inspection 


Magnetic particle inspection (“Magnafluxing”) is a common practice 
applied to machine shafts. Residual magnetism from this or other opera- 
tions must be removed by degaussing (demagnetizing), or glitch will re- 
sult. The manufacturer of the particular testing system should be con- 
sulted as to degaussing equipment. A residual level of magnetism may be 
acceptable as long as it does not exceed 2 gauss. 


Diamond Burnishing 


Diamond burnishing is a very effective glitch reduction technique. To 
accomplish this technique: The shaft should be rotated in the lathe by 
hand or driven at 1 to 5 rpm for the purpose of observing the dial indica- 
tor readings. These readings should be recorded and the high and low 
levels noted as to their locations on the shaft surface. The dial indicator 
may now be removed from the rotor surface and the rotor operated to 20 
to 50 rpm. The output of the proximitor should be observed on the oscil- 
loscope during this initial run. A photograph of the scope trace should be 
taken at this time to document the initial runout pattern. 

A diamond-tipped burnishing tool may now be applied per the instruc- 
tions supplied with the tool. Upon completion of the burnishing opera- 
tion, the oscilloscope trace of the transducer output can again be ob- 
served and compared to the original trace. If the electrical runout has not 
been reduced to an acceptable level, a second or third burnishing opera- 
tion may have to be performed. In general, no further reductions will be 
achieved after a third pass of the burnishing tool. The final dynamic 
waveform on the oscilloscope should be photographed to document the 
reduced runout levels achieved with the burnishing operation. 


654 Major Process Equipment Maintenance and Repair 


Sample shafts which were burnished in an engineering lab consistently 
realized reductions in runout levels of 40 to 60 percent. In actual ma- 
chine manufacturers’ plants, runout level reductions of 80 to 90 percent 
have been achieved. 

Your equipment procurement or repair specification could call for the 
integration of the preceding testing and burnishing operations into the 
normal manufacturing cycle. This should be done after the final machin- 
ing or grinding operations have been performed on the shaft. If this pro- 
cedure is regarded as a normal requirement, the diamond-tipped burnish- 
ing operation offers an efficient cost effective procedure for helping to 
provide glitch-free rotating elements. 


Material Replacement 


Shrink fit of a collar or sleeve, although cumbersome, will certainly 
control glitch. Some attempts at “flame spray” material replacement 
have worked but require careful operator technique. Current reevalua- 
tion of plating techniques shows promise but is preliminary and must be 
field tested for durability. 


Principles of Machinery Condition Monitoring 


The preceding segment of this chapter dealt with the basic parameters 
for predictive maintenance on rotating machinery. Having acquired an 
understanding of these parameters allows us next to address their integra- 
tion into an overall monitoring system. 

Machinery engineers in the process industries are aware of the shift in 
approaches that has taken place in the last few decades. The advent of 
machinery monitoring technology has enabled process plants to shift 
from the preventive maintenance of a few decades ago to essentially pre- 
dictive maintenance in the mid-1970’s and 1980’s. However, there has 
been an unfortunate tendency since the late 1970’s to place much empha- 
sis on machinery diagnostics where prudence and in-plant experience 
should have directed primary attention on operator-friendly surveillance 
instead. Although not necessarily within the scope of a text on machinery 
maintenance and repair procedures, the topic is of such great importance 
that an overview is, indeed, appropriate. 
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Our perception and field experience is shared by the authors of a 1980 
technical paper on the subject.* They, too, noted that rapid advances in 
electronic technology, particularly the microcomputer, have suddenly 
made it feasible to perform tasks which heretofore have been either im- 
possible or prohibitively expensive. Within the field of machinery condi- 
tion monitoring so much can now be accomplished that it is easy to lose 
sight of the environment and results required, and allow ourselves to be 
led astray by elegant solutions to uncommon, minor or nonexistent prob- 
lems. While added power and features may often appear highly desir- 
able, each must be carefully evaluated on its merits: Is it necessary? Does 
it add value? At what effect on reliability? What is its cost compared to 
the benefit expected? Appropriately then, we will attempt to take a fresh, 
objective look at machinery condition monitoring as well as a number of 
areas in which the introduction of new concepts and/or technology holds 
promise for a far better condition monitoring system. 


Definition and Objective of Machinery Condition Monitoring 


For the purposes of this text, condition monitoring is defined as a 
method or methods of surveillance designed to recognize changes from a 
norm and warning when the changes exceed safe or limiting values. As 
defined, condition monitoring must differentiate between good and bad 
condition, and if bad, answer the question of how bad. 

At this point, it is important to distinguish between surveillance and 
diagnostics. Whereas the former is necessary for protection, the latter is 
not generally required until it becomes necessary to identify the source of 
a known anomaly. The medical analogy has been overused; however, it 
bears repeating. Most people are not able to justify the high cost of a 
rigorous and detailed physical examination including a stress EKG, 
EEG, and possibly CAT scan, unless they have good reason to suspect a 
problem. In this case, surveillance is effectively provided by our physical 
senses, how well we judge our own health, augmented by an occasional 
routine examination. When a problem does occur, detailed diagnostic ef- 
forts are focused on the specific symptoms to ascertain their exact cause, 
and to determine the necessary corrective action. Thus, diagnostic ef- 
forts which are generally not justified in the absence of a problem are 
easily justified once a problem has been recognized. 


* “Time Marches on—Changing Concepts in Machinery Condition Monitoring,” by 
John S. Mitchell, Palomar Technology International, Carlsbad, CA. and John L. Fra- 
rey, Shaker Research Corp., Latham, NY. Adapted by permission. 
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To continue this line of thinking, let’s attempt to characterize machin- 
ery. First of all, and fortunately for us, the vast majority of machines are 
well engineered, operate well and tolerate without difficulty the abuse to 
which all are subjected from time to time. Problems, if any, are few and 
far between and minor in nature. Changes in condition typically develop 
slowly, and one can almost always judge severity with a high degree of 
accuracy even though the exact cause may be unknown. 

Based on the foregoing, we submit that condition monitoring technol- 
ogy may be concentrated on performing the surveillance task efficiently 
and reliably. Diagnostics, to define the nature of any anomaly, are sec- 
ondary as they are not immediately required to judge severity, nor do 
they, in most cases, improve the ability of a well designed surveillance 
system to recognize problems. The two functions can, however, be sup- 
portive and work together in the same system, but only if extreme care is 
taken not to confuse the two. 


Environment in Which Condition Monitoring Must Function 


A condition monitoring system must be designed for use by those who 
have operating responsibility for the machinery. Operating personnel un- 
derstand measurements and trends, but generally do not have the same 
appreciation for, and understanding of, measurements made to describe 
machinery condition that they have for measurements of operating varia- 
bles. Temperature, pressure, flow and level, typically have more mean- 
ing to an operator than vibration amplitude. 

In an operating environment, diagnosing the cause of a problem is typi- 
cally of little importance compared to assessing its severity. The question 
that must always be answered is will the machine continue to run? If so, 
how long and when is it mandatory to shut down? 


Objectives of an Optimum Condition Monitoring System 
An ideal machinery condition monitoring system should: 


1. Reliably assess mechanical condition and performance parameters, for 
example, thermodynamic efficiency. Display the results in a form such 
as Figure 13-1, which is readily understood and can be acted upon by 
those having operating responsibility for the machinery. 

2. Quickly and accurately recognize changing conditions and their sig- 
nificance. 

3. In the event of changing conditions, or a problem, the system must 
have enough intelligence to assess and display severity in a form 
which does not require additional interpretation. 
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Figure 13-1. Graphic display of a condition monitoring system. 


4. Provide a means to implement, if desired, an automatic shutdown 
which is accurate and reliable, protected against actuation by an in- 
strument failure and, where possible, provide time for corrective 
action. 


Secondary objectives of a machinery condition monitoring system are: 


© Be capable of accepting and operating on both continuous and pe- 
riodic information. Periodic information can be obtained with a 
portable terminal of the type illustrated in Figure 13-2. 

© Be able to distinguish between valid and invalid information. 

¢ Maintain annotated data files for long term trending and historical 
records. 

® Maintain short term (10 to 15 minutes), detailed files of all con- 
tinuous data which can be frozen by an event for later detailed 
analysis. 

© Be capable of communicating with an external diagnostic system 
or central computer used for storage and/or management reports. 

© Be ready to implement with data available at several points with 
minimum cost for interconnecting wiring. 


Specific Recommendations for a Condition Monitoring System 


In making the following recommendations, the authors have drawn 
heavily on experience with current condition monitoring systems, knowl- 
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Figure 13-2. Portable data acquisition terminal. 


edge of the environment in which condition monitoring must function, as 
well as machinery and machinery problems. Developments in the philoso- 
phy and strategy of process control systems have been studied and incorpo- 
rated where applicable and possible. 

Before outlining specific recommendations for an advanced intelligent 
condition monitoring system designed to meet the objectives described in 
the previous section, we should briefly mention the criteria on which the 
concept is based. 

First, and as we have pointed out earlier, any condition monitoring sys- 
tem must be primarily oriented toward providing accurate and reliable 
surveillance and protection. The addition of intelligence to enable contin- 
uously displaying condition based on measurements instead of measure- 
ments alone, is considered an important factor to maximize the utility and 
effectiveness of a condition monitoring system for operating personnel. 
Recognizing meaningful changes among related measurements and in- 
cluding rate of change in the assessment of current condition are both 
considered a necessary part of the intelligence that must be provided. 

Second, the surveillance strategy to be described is directed toward the 
largest population of machines which require uncompromised protection, 
but generally operate with few problems. For this reason, features that 
are primarily diagnostic such as on-line spectrum analysis and automated 
response plotting on startup and shutdown are not included, but could be 
easily added when conditions warrant. As a by-product of this objective, 
the cost per channel of an optimized surveillance system in basic form 
will be less than that of current systems, thereby making it attractive for 
balance of plant applications. 
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Finally, any advance in surveillance technology must not be accom- 
plished at the expense of reliability. We have thus added requirements 
such as redundant data busses with automatic transfer on failure and the 
ability to provide full protection with the data link between a remote 
alarm unit and the system controller completely failed. 

A conceptual condition monitoring system meeting the objectives we 
have outlined is shown in Figure 13-3. The system consists of three ma- 
jor functional subsystems: a Data Acquisition Unit, Alarm Module, and 
System Controller. The three subsystems are connected together by re- 
dundant data busses with automatic transfer and alarm in the event of a 
failure. Once programmed and operating, the system must continue to 
provide protection even though both data links to the System Controller 
may be broken. 

Within the concept it is envisioned that full protection at minimum cost 
can be provided by a combination of Data Acquisition Units, Alarm 
Modules and a simple System Controller for programming and display. 
Since all the information collected by the system is transmitted over the 
data bus, adding intelligence, operator oriented displays, fill capability 
and even diagnostics are easily accomplished by expanding the system 
controller. 


Data Acquisition Unit 


The Data Acquisition Unit provides the interface between the condition 
monitoring system and the various transducers used to measure machine 
condition. The Data Acquisition Unit provides power, where required, to 
the transducers, performs whatever conditioning is necessary to the input 
signals, and produces a normalized DC output proportional to each mea- 
sured variable. It must be able to accommodate the signal from any con- 
ceivable transducer used in machinery surveillance in either analog or 
digital form in any mix. System inputs will be obtained from proximity 
(vibration and gap), acceleration or velocity transducers, and tempera- 
ture and pressure sensors or may be a DC voltage or current (4-20mA) 
and contact closures. 

The Data Acquisition Unit must have, where possible, the ability to 
determine the validity of an input signal. Providing a window detector to 
sense when each input is within its linear or expected maximum range 
and invalidate those which are outside should be adequate. Within the 
Data Acquisition Unit validated, conditioned DC outputs will be supplied 
to a high speed multiplexer where they, along with identification, are 
placed on a data bus. 
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Figure 13-3. Schematic of a condition monitoring system. 
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In addition to continuously supplying measurements, in digital form, to 
the data bus, the Data Acquisition Unit must also be capable of supplying 
AC signals, on command, for use elsewhere in the system. 


Alarm Module 


The Alarm Module may receive inputs from one or more Data Acqui- 
sition Units. Within the Alarm Module the incoming measurements are 
continuously compared to preprogrammed setpoints. Outputs, both local 
and remote, identifying the alarming channel must be produced for ma- 
chine protection whenever a channel exceeds its setpoint. A scan rate in 
which successive comparisons of each channel occur at a maximum inter- 
val of .5 second is considered adequate to ensure protection. Within this 
interval, many options exist such as rapid sampling with .5 second 
averaging or voting techniques. 

At this point, it should be emphasized that a Data Acquisition Unit and 
Alarm Module are intended as an optimized combination capable of pro- 
viding full machine protection. Further, it is anticipated that this combi- 
nation, together with a basic System Controller, will provide equivalent 
protection and reliability at lower cost compared to current analog sys- 
tems. 


System Controller 


The final component of the monitoring system is a System Controller. 
Capable of controlling a number of Data Acquisition Units and Alarm 
Modules to a maximum of approximately 1,000 channels, the System 
Controller will provide control and display functions for the system, 
manage the information on the data bus, and maintain files of historical 
data. It can be located remotely from the Data Acquisition and Alarm 
Units, and should require only a single coaxial cable for full communica- 
tion. Typically, two cables with an automatic transfer on failure should 
be provided for reliability. The System Controller is the heart and intelli- 
gence of the surveillance system, and as such, must be easily and eco- 
nomically adaptable to provide the specific functions required for a given 
application. 

With this objective in mind, we will briefly describe all the functions 
of a System Controller considered necessary to realize the full benefits 
attainable with an advanced intelligent surveillance system. Recognize 
that functions not vital to system operation should be options that can be 
easily and economically added when required. 
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Functions to be performed by the System Controller are as follows: 


1. Provide access to and control of the monitoring system. Most effi- 
ciently applied through a keyboard, an operator must be able to as- 
sign identification numbers to each channel, set and change alarm 
setpoints, call up for display the current value and/or status of any 
channel and perform all other control functions which might be re- 
quired to operate the system. Access and control should have at 
least two levels of security with a higher level required to change 
control functions than would be required to change alarm setpoints. 

. Display any system measurement or alarm setpoint, in engineering 
units. 

. Provide a means for communicating with an external computer. 

. Provide a means to recover simultaneous AC signals from several 
channels for display, recording, or detailed analysis. 

. Accept periodic data from a portable terminal entered through the 
data bus. 

6. Calculate and monitor thermodynamic efficiency or other performance 
parameters from periodic and/or continuous measurements. 

. Recognize and call attention to bad or suspect measurements. 

. Maintain and display on demand, numerically or graphically, short 
and long term information files. 
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The short term file should be a circulating file containing the last 10 
to 15 minutes of all continuous data recorded at approximately one sec- 
ond intervals. It must be capable of being frozen or transferred to per- 
manent storage by an event such as an emergency trip so that data be- 
fore, during and after the event are preserved for study and analysis. 
The definition of an event which freezes the file and the length of time 
after the event when the file is frozen should both be programmable. A 
means must also be provided to quickly recover the exact sequence at 
which the recorded data changed to identify the cause of the event. 

The long term file should consist of approximately one year of data 
in a sequence such as the following: 


a. One day file consisting of instantaneous values every five min- 
utes, plus the minimum and maximum values recorded during 
each five minute period. 

b. One week file consisting of an instantaneous value every hour or 
a one hour average of five minute measurements plus minimum, 
maximum. 

c. One year file consisting of an instantaneous value every 12 hours 
or a 12 hour average of one hour measurements plus minimum, 
maximum. 
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In choosing between the use of an instantaneous or average value, 
we believe an instantaneous value, along with minimum and maximum 
values, provides much greater detail than average values. Trend logic 
could be utilized to blend data in short term files into longer term files. 

The system should be able to accomplish the following from and on 
filed information: 


a. Recognize changes in operating status; start, stop, and annotate 
files accordingly. 

b. Recognize trends, identify measurements that are changing out- 
side of predetermined limits. 

c. Recognize and call attention to an increasing difference between 
maximum and minimum values. 

d. Recognize and provide warning if, at some predetermined time 
after startup, input data are not within the minimum and maxi- 
mum values recorded prior to shutdown or within some percent- 
age of a “normal” value. 

9. Provide a means to display overall condition in a form which is eas- 
ily interpreted by operating personnel. The ability to group con- 
firming measurements, assign weights and combine groups into a 
measure of overall condition is considered feasible, possible and 
highly advantageous. 


As a suggested strategy to achieve this objective, a condition hierarchy 
might be considered as follows: 


Level 0 All measurements within each group at or below approximately 
75 percent of the low alarm (alert) value. 

Level 1 Two or more confirming measurements in a group between 75 
percent and 100 percent of the low alarm value. 

Level 2 Single measurement between low and high alarm (danger) val- 
ues. 

Level 3 Two or more confirming measurements between low and high 
alarm values. 

Level 4 One measurement above high alarm (danger) value. 

Level 5 One measurement above high alarm value, one or more con- 
firming measurements above low warning value. 

Level 6 Two or more confirming measurements above high warning 
value, slow rate of increase. 

Level 7 Two or more confirming measurements above high warning 
value, high rate of increase. 


Within this hierarchy a slowly increasing measurement will advance 
the condition indicator one level, and a rapidly increasing measurement 
will advance the condition indicator two levels. 
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Determined as outlined, the condition indicator could be easily applied 
to drive an additional bar indicator on the graphic display illustrated in 
Figure 13-1, or change the color of a graphic representation of the ma- 
chine on a CRT display. The numerical value should also be presented for 
an operator who might be color blind. In addition to displaying the over- 
all condition of a machine, we anticipate a need for the ability to look at 
the condition indicator determined from a specific group of measure- 
ments that gauge the condition of an individual component. Along with 
the requirement for higher resolution to view individual components, 
there must also be provisions for displaying individual measurements, 
organized in groups, with measurements above warning values or chang- 
ing highlighted for easy recognition. 

What, then, is our overall conclusion? Based on observations of the 
environment in which machinery monitoring systems must function, the 
ability to consolidate and refine information into an easily understood 
condition indicator is the greatest single advance that can be made in 
monitoring technology. The strategy just described follows closely the 
thought process and logic used by an experienced person deciding 
whether to continue operating or to shut down and can be automated with 
a high degree of reliability if desired. Combined with a system capable of 
efficiently gathering and transmitting a wide range of condition related 
information, the final result will be far more effective and operator ori- 
ented than a system capable of displaying measurements alone. 


Periodic Monitoring 


While the preceding section dealt primarily with the condition monitoring 
aspects of critical or major machinery, the following section will discuss 
periodic monitoring as it applies to a large number of general purpose 
machines where continuous monitoring would normally not be considered. 
Table 13-1 lists a customary classification of the machinery population in a 
typical process plant. 

Periodic monitoring would cover category 3, but also overlaps into cate- 

ory 2. 
. Frequency of periodic monitoring is often determined intuitively. Howev- 
er, a good rule of thumb would be to take 5 to 10 percent of the calculated 
mean time between failure (MTBF) of a given general purpose machinery 
population in order to assure a defect capture rate of 95 to 90 percent, 
respectively. This rule assumes an exponential failure behavior of the popu- 
lation with approximately constant failure rates. Rogue pieces of machinery, 
or “bad actors” would be, of course, exempt from this rule. Here is an exam- 
ple: If the MTBF of a group of similar utility water pumps is 18 months, 
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Table 13-1 
Process Plant Machinery Categories 
Category Description Example 

1 Unspared, critical Large unspared turbomachinery, e.g., 
Forced outage has significant process refrigeration compressor train 
business impact 

2 Critical spared or unspared Utility pumps 
High cost of replacement parts Central air compressor 

3 General purpose and spared Process pumps 
Non-critical 


then our monitoring frequency should be about 0.9 months or 27 days to 
obtain a defect capture rate of 95 percent. 


A Two-Level Monitoring Strategy* 


Detection vs. Diagnosis. When considering various approaches to vibration 
measurement, the analogy to human medicine is quite appropriate: the 
“patient” is the machine and the vibration specialist can be considered the 
“doctor.” During a routine physical checkup, no special equipment or tech- 
niques are ordinarily needed to diagnose whether something is amiss. CAT 
scans and vibration frequency analysis are normally reserved for those times 
when an anomaly shows up during preliminary screening. This two-level 
technique not only saves the effort and expense of using unnecessarily com- 
prehensive diagnostic equipment on perfectly healthy patients, but even 
more importantly, it allows auxiliary personnel such as nurses or mechanics 
to follow the trend of key indicators of general condition, such as blood 
pressure and pulse rate or vibration severity and temperature. The second 
level, advanced diagnosis of more complex equipment, can even be contract- 
ed out to external experts on an as-needed basis. 

Figure 13-3 illustrates a two-level machine diagnosis strategy. Level one 
is limited to periodic measurement of parameters such as vibration and tem- 
perature by operating and maintenance personnel. Level two involves signal 
analysis by trained specialists. 


Level One. Until recently, mechanics often tried to listen to specific machin- 
ery parts using a screwdriver as a stethoscope. This method was better than 
nothing, but it was always subjective and hardly selective. 

Today a wide range of simple listening devices is available that can read 
the overall vibration level at the measurement point and compare this value 


*Courtesy Priiftechnik AG, 85737 Ismaning, Germany 
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Figure 13-3. The two levels of perlodic machinery condition monitoring. 


to standard reference values. Simple-to-use and low-priced, these devices 
can, in fact, prove effective for periodic surveillance of less complex general 
purpose machinery. These devices are particularly attractive because they 
allow personnel without special training to monitor the trend development of 
key parameters, such as overall vibration level, bearing condition, rpm, tem- 
perature, and pump cavitation. Bearing vibration readings, for instance, can 
be compared with accepted standards as shown in Figure 13-4 in order to 
determine when further intervention is required. They do not, however, suf- 
fice for monitoring complex machinery, such as slow-speed equipment, 
gearboxes, or compressors, since this method provides no information 
regarding the precise origin of vibration. Moreover, defects indicated at high 
amplitudes, which are sometimes of lesser importance, tend to drown out 
defects indicated at lower amplitudes with possibly graver consequence. 


Overall Vibration Level by Frequency Band. The approach just described 
can be improved by measuring the composite vibration level by individual fre- 
quency bands. This permits better recognition of individual defects. It mini- 
mizes masking and is more reliable than the technique described above. How- 
ever, it is prone to error whenever several defects might be suspected within 
the same frequency band. This technique is offered by most data collectors. 


Resonance Measurements. Another simple technique derived from the 
one described above is the measurement known as resonance, where the 
vibration level is measured only within the relatively high range of frequen- 
cies centered about the transducer resonance. This technique, used to moni- 
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Figure 13-4. The ISO 2372 vibration level evaluation scale. 


tor “shock type” defects, is suitable for monitoring bearings of simple 
machines such as motors, pumps, and fans, but it excludes slow-speed 
machines and gearboxes, since it is not suitable for any other defect types 
which are generally manifested in many lower frequency ranges. 

Some instruments, such as the multi-function machine condition data col- 
lector depicted in Figure 13-5, combine these detection techniques into a sin- 
gle, easy-to-use instrument. Almost anyone can quickly determine whether a 
more advanced level-two diagnosis is needed based upon simple readings 
such as Ve, effective vibration velocity, dB/dB, bearing condition, rpm, tem- 
perature and dBc, and v, pump cavitation. 

In order to avoid measurement inconsistencies inherent in hand-held 
vibration probes, the instrument arrangement described in Figures 13-6A and 


a 


AJ nearing 
Fd condition 
Ge 


| Al romp 
bad cavitanion 





Figure 13-5. The five-way machinery condition data collector measures bearing condition, 
vibration level, pump cavitation, temperature, and rpm. 
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Figure 13-6A. An encoded measurement stud mounted on the machine indicates the 


Major Process Equipment Maintenance and Repair 







ey Vibration 


4 Bearing 
sy candition 


| Temperature 


FA Cavitation 
Ledisi 


measurement location number and the types of signal to be measured. 


Figure 13-6B. The coded stud ring identifies each measurement location like a 


fingerprint. 
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13-6B uses a coded stud system. A vibration transducer and measurement 
studs not only ensure optimum transmission of vibration signals for mea- 
surement, but also guarantee proper identification and registration of mea- 
surement locations. This unprecedented capability is achieved through use of 
a special measurement stud containing a plastic code ring. A unique location 
number is encoded for each stud by breaking several teeth out of a plastic 
ring before installation. 

During measurement, the transducer locks onto the stud, reads the tooth pat- 
tern to determine the measurement location number, then passes this number 
along to the instrument system. The instrument then correlates the number 
with its pre-programmed list of measurement points to determine exactly 
which types of condition readings to take at the current measurement location. 
When the measurement round is complete, the instrument passes its measure- 
ments to a PC for storage and trend analysis. The result: correct measurements 
that always end up at their proper spot within the trending database for total 
trending reliability with minimal effort and low initial investment. 

This patented system also allows the user to take measurements in any 
desired order, freeing him from the confines of fixed measurement routes. 
The PC program highlights any locations not measured, forgotten, or pur- 
posely omitted, and automatically alerts the user to any violations of two- 
stage warning and alarm limits that can be set for each measurement location. 


Level Two. This stage is called for when the “go/no-go” limits of level one 
are exceeded. A number of advanced methods are available to the specialist 
with which the source of elevated readings may be selectively determined. 
For example, once bearing damage is indicated, the particular bearing com- 
ponent at fault, e.g., the outer ring or the inner ring, may be identified by 
using specialized techniques to evaluate the vibration spectrum. Some famil- 
iarity with diagnostic techniques such as FFT spectrum analysis, cepstrum 
analysis, and amplitude demodulation is therefore helpful in order to proceed 
further into this machinery diagnosis. 


Spectrum or FFT Frequency Analysis. Most anomalies of rotating 
machinery manifest themselves through vibration at the frequency character- 
istic of the phenomenon that causes the anomaly. This, in turn, often may be 
identified by investigating the machine kinematics. Figure 13-7 shows fre- 
quency spectrum peaks arising because of the following: 


e Unbalance with signals predominantly at rotor rotation frequency 

e Shaft misalignment with signals predominantly at two times shaft rota- 
tion frequency 

e Gear tooth damage with signals at gear mesh frequency 

e Bearing damage with signals predominantly at high frequencies 
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Figure 13-7. Characteristic machine component frequencies. 


As can be seen here, spectrum analysis offers more useful information as 
well as finer and more precise resolution of the graphic spectrum. 


Cepstrum Analysis. Another method used in level-two investigations is 
cepstrum analysis. The cepstrum function, the inverse transformation of the 
spectrum logarithm, allows investigation of a spectrum leading to the identi- 
fication and rapid quantification of an entire group of periodic components. 
These component groups may show up in the spectrum as a series of peaks 
or bands of modulation surrounding a kinematic frequency such as meshing 
frequency, cog frequency, or rotation frequency. The visual identification of 
these groups in a spectrum is not always possible, even with tools such as 
harmonic cursors or lateral bands, especially when several component 
groups are superimposed. 

The cepstrum therefore, may be used to monitor the initial appearance and 
development of several types of defects that result in periodic shocks. These 
defects can be caused by looseness, excessive clearance, bearing pitting and 
tooth defects. They can also be caused by modulation of amplitude or of 
component kinematic frequencies indicating eccentricities or periodic fluctu- 
ations in moment of inertia or instantaneous rotational speed caused by cou- 
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pling play, bolt wear, broken motor poles, etc. The initial appearance and 
development of suspicious signals around a component group caused by this 
type of defect may be recognized by a single value, the level of the frequen- 
cy component in the cepstrum, the “quefrency,” corresponding to the fre- 
quency at which the suspected fault repeats itself. 

The cepstrum then allows monitoring of specific defects that cause the 
vibration energy to rise only slightly at advanced stages of deterioration. The 
indicators issued by traditional signal conditioning techniques have difficul- 
ty in showing this. 

The cepstrum technique permits monitoring of modulation relevant to a 
number of defects, especially on gears such as pitting, tooth chipping, key- 
way defects, coupling play and a faulty mesh, even at low speeds. The tech- 
nique, however, has its limitations. It is offered by only a few analyzers and 
remains the territory of specialists. 


Amplitude Demoduliation or Envelope Detection. Amplitude demodula- 
tion, more often known as envelope detection has nothing to do with a refer- 
ence spectrum or mask, sometimes called an envelope. The method presents 
interesting applications to assist in diagnosis of rotating machinery. It allows 
analysis of the signal shape, especially when the defect under investigation 
excites a resonance mode of the structure. These signals could be from bear- 
ing rings, sleeve bearings, housings, transducer mounting resonance and oth- 
ers. Many types of bearing defects, pitting, ring cracks, gear tooth damage, 
faulty mesh, and excessive clearances resulting in shock pulses can generate 
pulse-type forces that excite the mounting structure’s resonance modes well 
before the manifest of their kinematic frequencies appear. 

The analysis technique of amplitude demodulation consists of filtering the 
signal around the resonance frequency, which forms a spectral peak, and of 
investigating the modulation caused by the repetition rate of the defect under 
investigation. 

By determining the modulation or shock repetition frequency, and through 
detailed information on the machine design, we can locate and determine the 
defect origin quickly and at an early stage of development, even when the 
fault is drowned out by background noise from the immediate environment 
surrounding the offending machine part. 

This technique is much more powerful than ordinary spectrum analysis or 
zooming, because it exploits the amplification aspect of resonance and, in 
contrast to zooming, frees the results from the small variations in rotational 
speed that unavoidably occur during measurement. Envelope detection is 
one of the most powerful diagnostic techniques for early discovery of bear- 
ing defects and of gear damage, excessive running clearances or lubrication 
problems, even on machines running at slow speeds (< 20 rpm), because it 
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does not investigate defects at low frequency but rather those surrounding 
the carrier frequency in the high-frequency (> 3000 Hz) range. 

Amplitude demodulation or envelope detection is considered the principle 
diagnostic technique for detection of “shock” type defects, such as bearing pit- 
ting and cracks in gears. It is also used on complex machines such as transmis- 
sions, screw compressors and others as well as on slow-speed machines of 
approximately 100 rpm. Again, its limitation is that the technique is offered by 
only a few analyzers and remains the territory of specialists. 


A Diagnostic Example. The following case was observed on a rock saw 
driven by a 90 kW motor through a speed-reduction gearbox. Although the 
effective (RMS) velocity reading of 1.5 mm/s and the spectrum alone would 
have ordinarily given no cause for alarm based upon ISO standards for Class 
III machines, the cepstrum showed a marked peak at 25.00 Hz, the motor 
rotational frequency. Closer examination of the vibration spectrum made with 
a two-channel FFT frequency analyzer showed clear peaks at three times and 
four times the tooth mesh frequency of 195 Hz, both of which were surround- 
ed by numerous sidebands spaced 25 Hz apart, which corresponds to the 
motor rotation frequency. This is shown in Figures 13-8 and 13-9. 

The elevation of tooth mesh frequency harmonics pointed to an anomaly 
of the gears, and the cepstrum peak at the motor rotation frequency indicated 
that the drive-side gear should be investigated first. No peaks could be found 
at the driven-side rotation frequency of 4.51 Hz. 
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Figure 13-8. At V,.4, = 1.5 mm/s, the vibration spectrum showed peaks at three times 
and four times tooth mesh frequency with side bands. 
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Figure 13-9. The cepstrum, however, showed evidence of spectral sidebands at 25 Hz 
intervals. 
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Figure 13-10. Following repair, vibration level decreased; tooth mesh frequency 
harmonics are no longer high. 
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Occurrence of harmonics at tooth mesh frequency indicated that one 
shock-type excitation per drive shaft revolution occurred. This could only 
mean a very large pit in or a chip off the drive gear. When the gearbox was 
disassembled for closer examination, two teeth on the drive-side gear 
showed extensive damage with material volume of 7 mm diameter missing 
from the flank of one tooth and similar volume of 5 mm diameter from the 
tip of another, most probably due to local overloading resulting in poor mesh 
conditions. Following replacement of the defective gear and readjustment of 
the tooth mesh, a final vibration measurement was carried out in order to 
check the improvement in the spectrum. Figure 13-10 illustrates the results. 

Frankly, and in conclusion, when it comes to preventive maintenance, the 
question is no longer whether vibration analysis is effective, but which tech- 
niques are appropriate for a particular machine. Further, one needs to decide 
when to work independently and when to solicit the help of a specialist, bas- 
ing this decision on the importance of the machine. An increasing number of 
vibration instruments on the market offer advanced diagnostic features 
which, in properly trained hands, can be used to recognize a wide variety of 
machinery defects. 
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Chapter 14 
Maintainability Considerations 


We started this volume by pointing out how important a role maintaina- 
bility plays within the “total picture” concept of machinery management. 
Throughout this text we have been stressing that if one has to do mainte- 
nance at all, if it cannot be easy, it should at least be possible. What, then, 
should we be watching for, if we want to address or even maximize main- 
tainability? We define maintainability as everything that facilitates main- 
tenance activities around a piece of process machinery. This includes the 
ease of supplying the necessary services to the machine and its availabil- 
ity, which should be reduced as little as possible by the maintenance activi- 
ties. Our checklist is as follows: 


1. Safety. Maintenance personnel should not be subject to safety hazards 
while carrying out maintenance activities. Therefore: 


© No dangerous elements must endanger personnel. 

© Personnel must not be able to come in contact with components that 
carry electric tension. 

@ Maintenance personnel must not be exposed to moving components. 

@ Maintenance personnel must be protected from falling by having a 
safe work location at all times. 


2. Availability. Maintenance activities should reduce the availability of the 
equipment as little as possible. Therefore: 


e As many operations as possible should be carried out while the 
equipment is running normally. 
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e In the event that certain components or subsystems require shut- 
downs for maintenance activities, as few components as possible 
should be shut down. 

e Machinery equipment must be accessible. 

e If certain functions must be shut down for maintenance activities, the 
time required for shutting down the equipment should be as brief as 
possible. 

@ Should certain components require shutdowns for maintenance activ- 
ities, these maintenance activities should be required as rarely as pos- 
sible. 

e Should certain maintenance activities require shutdown, the time 
needed for these activities should be as brief as possible. 


3. Damage Potential. Very frequently, maintenance activities generate a 
substantial risk of damage to machinery equipment. In order to reduce 
this risk as much as possible: 


@ Should the application of certain media—for instance, lubricants and 
so forth—cause some risk of damage to other components, these me- 
dia and their frequency of application should be clearly defined. 

e Should certain media cause a risk of damage to other components, 
these components should be protected from the dangerous media— 
for instance, by a cover. 

e Should certain maintenance activities cause a risk of damage to cer- 
tain components, the endangered components should be designed in a 
way that will protect them as much as possible against that risk. 

e Should maintenance activities on certain components require such 
operations as dismantling, assembling, or moving, they should be de- 
signed to minimize the risk of damage to these or other components. 

e Should certain maintenance activities produce risk of damage be- 
cause the components are difficult to see, the system should be il- 
luminated as well as possible. 


4. Serviceability. Process machinery maintenance activities require some 
unique specifications in addition to those previously mentioned. Service- 
ability covers the special attributes the equipment needs to have for effi- 
cient lubrication and sometimes cleaning. In order to improve service- 
ability the following specifications should be met: 


e The media to be used for servicing—lubricants, impregnants, and 
detergents—should have the highest possible efficiency and endur- 
ance. 

e Servicing media should be supplied automatically; waste media 
should be removed automatically. 
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5. Inspectabillty. Some components need to be inspected during the pre- 
ventive maintenance activities to detect defects before they have passed 
the defect limit. To facilitate these inspections: 


e Should rules or regulations require certain inspections of either the 
equipment or the component, the design must facilitate the carrying 
out of these inspections. 

e Components that develop time dependent defects and components 
that develop random defects that can be controlled by periodic in- 
spection should be accessible for inspection. 


6. Repalrabillty. Components that might need repair during the lifetime of 
the equipment should meet the following specifications: 


@ Should local and national laws force the operator to carry out certain 
repairs, those repairs must be possible. 

© Should repairs be necessary, the design of the components must en- 
sure that all attributes that are required for the proper performance of 
the system will be restored by the repair. 


7. Materials Availability. Maintenance activities quite frequently require 
the application of certain materials, including spare parts, lubricants, and 
so forth. In order to facilitate the provision of this material: 


© Materials that might be needed during the lifetime of the equipment 
should meet the in-plant, local and national standards. 

© Materials required for maintenance but not stored in the plant should 
be designed so that they can be purchased from outside suppliers on 
short notice. 

© Material that cannot readily be purchased from an outside supplier 
must be designed in such a way that it can be produced from pre- 
stored raw materials on short notice. 


The foregoing “wish list” could be used to prioritize the different fac- 
tors or objectives and then evaluate different alternative machines. This 
topic ties into the theme of Volume 1 of this series of books. Dealing with 
machinery selection criteria, Volume 1 (“Improving Process Machinery 
Reliability”) conveys the importance of choosing machinery not on price 
alone. 
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Abrasion 
cause for mechanical seal failures, 23 
Abrasive-slurry services, 119 
Acceleration levels, 263 
Accelerometers, 635-637 
Accessories, 158 
Acids 
use of Graphalloy® bearings in bearings in, 
110 
Additives 
antiwear, 593 
effect on oil mistability, 590 
extreme pressure, 268 
polymers, 270 
Adjustment 
bearing liners, general purpose steam 
turbines, 378 
carbon rings, general purpose steam 
turbines, 373 
expansion for high-temperature fan 
application, 163 
gland, 87 
governor linkage, 480 
nozzle ring, general purpose steam 
turbines, 388-389 
pump glands for packing, 87 
rotor locating bearing, general purpose 
steam turbines, 388 
shaft, 77-78 
speed setting, governors, 483-488 
valve lifters, gas engines, 220 
Air-fuel ratio, integral gas engine 
compressors, 204 
Air filters, gas turbines, 465-467, 511 
Air foil, 153 
Air inlet, gas turbines, 457-461 
Air manifold pressure, integral gas 
engine compressors, 204 
Aircraft derivative gas turbines, 442, 
471-478 
Alarm module, machinery monitoring, 661 
Alarm system, machinery monitoring, 660 
Alignment 
accuracy, 53 


bearing housing, general purpose steam 
turbines, 386-387 
checking, 44 
driver a., vertical pump, 81-83 
gear drives, 245-249 
hot, 19 
machinery, 17 
monitoring, 631-632 
problems, 350 
reverse indicator, 17 
vertical pump drivers, 71~73 
V-belt drives, 312, 322-323 
Allowable rod load, reciprocating 
compressors, 177-181 
Ammeter, see ampere meter reading 
Ammonia charging, 118 
Ampere meter reading 
checking for proper deepwell pump, 79 
impeller setting, 79 
Amplitude, vibration, 622-623 
Analysis 
crankshaft deflection readings, 195-198 
jacket water, power engines, 221 
Anti-extrusion rings, reciprocating 
compressor packing, 214-215 
API style pumps, 3-4, 31 
Application fittings, oil mist, 585-587 
Application limits, greases, 607 
Arbor press 
for installing Graphalloy® bearings, 110 
in shaft straightening operation, 103 
Assembly 
bearing liners, general purpose steam 
turbines, 380-381 
casing, general purpose steam turbines, 
377 
fans, 157 
gear units, 285-286 
hydraulic governors, 480-494 
nozzle ring, general purpose steam turbine, 
388-390 
packing case, general purpose steam 
turbine, 376 
positive displacement blower, 146-149 
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rotor locating bearing, general purpose 
steam turbines, 359 
turboexpanders, 439-440 
ASTM material specifications 
centrifugal pump parts, 108-109 
Automobile transmission, 225 
Auxiliary piping 
disconnecting process pumps, 38 
Availability 
gas turbines, 447 
machinery, general, 678 
Axial locking devices 
vertical pump impellers, 96 
Axial grooves 
vertical pump bearings, 88 
Axial thrust load, electric motors, 509-510 
Axial thrust position, machinery health 
monitoring, 628-632 


Babbitt bearings 
high-lead-base, 199 
Backlash 
checking, 261 
excessive, 288 
inadequate, 288 
Back-pressure turbines, 332 
Bakelite, used for compressor valve plates, 190 
Balance holes 
checking for plugging, pump impellers, 25 
Balancing tolerance diagram, 92 
Balancing 
electrical machines, 528 
fan rotors, 169-170 
of pump impellers, 85 
power cylinders, integral gas engine 
compressors, 221 
Ball bearing, 70 
Bar chart, 339 
Base pitch, gears, 235 
Base, reciprocating compressors, 216-217 
Base plates 
centrifugal pumps, 5, 10-11, 52~53 
electric motors, 507 
Bearing base 
setting for fans, 159 
Bearing bore, 55 
Bearing clearances 
gear units, 278-279 
reciprocating compressors, 199-200 
Bearing distress, 59 
Bearing failure 
centrifugal pumps, 35 
gear units, 28 1--284 
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Bearing fits 
improper fits as cause for pump shaft 
vibration, 27 
Bearing housing 
dismantling, process pump, 40 
inspection, pump, 30 
Bearing installation 
fans, 160 
Bearing inspection 
electrical machines, 527 
Bearing loading, 
gear units, 244 
problems at assembly, 60 
suction bell, 89 
Bearings 
bowl, 87 
checking during pump diagnosis, 27 
electrical machines, 527 
fans, 154 
field storage protection, 549 
gear units, 236-243 
Graphalloy®, 110 
grease lubricated column b., 88 
oil lubricated column b., 88 
process pumps, 43 
product lubricated column b., 88 
rotor locating, general purpose steam 
turbines, 387-388 
BHP (brake horsepower), see 
Horsepower 
Blade rubs, 348 
Blade vibration, 333 
Binding 
shafts in tight pump packings, 86 
Blades, fan, 153 
Bleaches 
use of Graphalloy® bearings in, 110 
Blow-by, faulty piston rings, 201 
Blowers 
fan, 149 
field storage protection, 550 
positive displacement, 142-149 
used on integral gas engine 
compressors, 203 
Bluing, 253-254 
Boiler carryover, 351 
Boiler feedwaiter, 331 
Bolt tightening 
sequence, flanged joints, 115 
Bolt-and-nut method, 
assembly of Graphalloy® bearings, 112 
Boroscope 
used for gas turbine inspection, 451, 472 


used for special purpose steam turbine 
inspection, 338 
used for power cylinder inspection, 219 
Boroscope ports, aircraft derivative gas 
turbines, 473 
Bottom case bearings 
in deepwell pumps, 88, 100 
Boundary lubrication, 266-267 
Bowl bearings 
deepwell pumps, 87-88 
Bowl mill, 617 
Brake horsepower (BHP) 
increasing BHP requirement through 
excessive pump Clearances, 35 
Break-in 
carbon rings, steam turbines, 339-347 
operational of reciprocating compressor 
packing, 212-213 
reciprocating pump packing, 129 
Breakage 
reciprocating compressor valves, 178, 
187-190 
Breakers, electric circuits, 519-520 
Buckets, steam turbines, 333 
Bumishing, 653-654 
Burrs 
checking for ducing mechanical seal 
installation, 28 
inspecting for during assembly, deepwell 
pumps, 95 
Bushings 
distance, liquid ring vacuum pumps, 140 
function of, centrifugal pumps, 31 
special pump parts, 37 
split, 86 


Calculation 

rod load, reciprocating compressors, 181 
Capacity 

power pumps, 118 

special purpose steam turbines, 351 
Carbon build-up, power cylinders, 204 
Carbon graphite, see Graphalloy® 
Carbon rings, 339-347, 373 
Care, of fans, 149-175 
Cartridge design 

mechanical seals, 45 

horizontal split, 71 
Case 

expansion measurement, 631 
Casing 

cover, reassembly, process pumps, 47 

disassembly, process pumps, 46-47 


Index 683 


general purpose steam turbine, 369-377 
special purpose steam turbine, 336 
Casing wear rings 
checking of c.w.r. during pump removal, 
25 
tack welding c.w.r., 47 
API-style pumps, 31 
Caulking compound, 12 
Caustics 
use of Graphalloy® bearings inc., 110 
Cavitation 
damage, liquid ring vacuum pumps, 137 
damage, pump impeller eye, 103 
damage, reciprocating pumps, 125 
symptoms, 36 
CEMA (Canadian Electrical Manufacturers’ 
Association) 
design letter, 500 
Cement-based grout, 15-17 
Center of gravity, 115, 501 
Centralized grease dispensing, 582 
Centrifugal fans, 150 
Centrifugal forces, couplings, 579 
Centrifugal process compressors 
health monitoring, 645 
storage protection, 548, 550 
Centrifugal pumps 
how and why they fail, 50-61 
Storage protection, 545-546 
with oil slinger ring, 59 
with oil slinger spool, 60 
Centrifuges, monitoring, 649-650 


Ceramics 
plunger coatings in reciprocating pumps, 
11, 32 
Chain tongs, 114 
Changing 
inlet air filters, 221 
oil, 220 
oil filters, 220 
Check lists 


centrifugal pump run-in, 56-57 

overhaul, reciprocating compressor, 206 

preventive maintenance, fans, 170-171 

rotating equipment, 63 

start-up, gear units, 259-260 
Checking procedures 

alignment indicator, 247-248 

bent shafts, 27 

end play, pumps, 27 

fan foundations, 158 

hot alignment, gear units, 258-260 

interlobe clearance, blowers, 148 
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operation and maintenance, gas engine 
compressors, 192-193, 216 
packing vents, reciprocating 
compressors, 186 
pilot fits, concentricity, 27 
pre-installation, electric motors, 507-508 
pre-operational, electric motors, 508-509 
runout, vertical pump shafts, 78 
shaft straightness, 102 
shaft whip, deflection, 28 
sheave alignment, 323 
stuffing box concentricity, 28-29 
stuffing box squareness, 28 
tooth contact, gear units, 249-258 
v-bele fit, 313 
variable inlet vane position, fans, 175 
Chlorides, 331 
Chrome 
plunger coatings in 
reciprocating pumps, 132 
Chrome plating 
building up of large vertical pump shafts 
by, 100 
restoring of coupling bores by, 85 
Classification 
electric motors, 496-499 
reciprocating pumps, 119-120 
rotors, general purpose steam 
turbines, 402 
steam turbines, 332 
Cleaning 
crankcase breather system and engine, 220 
fan bearings, 173~174 
gas turbine compressors, 454 
high-pressure water, 118 
hydraulic governors, 492 
packing, centrifugal fans, 174 
packing, reciprocating compressors, 
213-214 
turboexpander components, 439-440 
Cleanliness 
packing and rods, 213-214 
Clearances 
carbon rings, steam turbines, 343, 375 
checks, vertical pumps, 138 
bearings, 
reciprocating compressor, 199~200, 
278-279 
diametral—process pump wear rings, 31 
diametral—vertical pump bearings, 81 
end thrust, turbochargers, 203 
expansion, 163 
labyrinths, turboexpanders, 441 
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nozzle ring, general purpose steam 
turbines, 389 
plunger and packing, reciprocating pumps, 
125 
rotor end, liquid ring vacuum pump, 135 
rotor locating bearing, general purpose 
steam turbines, 388 
rotor tip, liquid ring vacuum pump, 135, 139 
tappet, integral gas engine compressors, 
201-202 
thrust bearings, gear units, 279 
turboexpander assembly, 440 
vertical pump bearings, 87 
Close-coupled design pump, 6 
Closed impellers 
running clearance for vertical pumps with 
c. i, 78 
vertical deepwell pumps, 89 
Clutch 
gear drives, 288 
reverse protection, 79-80 
Cobale-based alloys 
plunger coatings in reciprocating 
pumps, 132 
Cocking, packing rings during assembly, 86 
Coefficient of expansion, 344 
Collet 
assembly of, 114 
mounting vertical pump impellers, 93 
Collet driver, 97-98 
Colmonoy® 
overlay of pump wear rings with, 104 
used on vertical pump bearings, 87 
Column bearings, vertical turbine pump, 100 
Combustion system, gas turbines, 461-463 
Combustor inspection, 454-455, 472 
Components 
drive end, reciprocating pumps, 132 
fan, 149-151 
liquid end, reciprocating pumps, 122~123 
Compounded oils, 269-270 
Compression 
cycle, liquid ring vacuum pump, 135 
rod load, 181 
Compressor cylinder, 176-177 
Concrete 
application of early strength for pump 
baseplates, 10 
condensate pump, 73 
removal of defective prior to grouting, 10 
Condenser, 331 
Condensing turbine, 332, 363-365 
Condition monitoring, gas turbines, 451-453 


Condition monitoring, see also monitoring 
Cones, liquid ring vacuum pump, 134 
Confined spiral-wound gaskets, 46 
Connecting rod, 179 
Consistency, grease, 596, 598-599 
Constant level oilers, 20, 58, 562 
Constant-speed power pump, 118 
Construction site storage protection, 553 
Contact, journal bearing/shaft, 387 
Contamination, of bearing oils, 57 
Controller, condition monitoring system, 
661-664 
Controls, gas turbine, 465-467 
Cooling water systems 
design and operation, 202 
removal of c.w., 59 
Correcting unbalance, 94 
Corrosion 
causes premature bearing failures, 21 
change of pump clearances through, 36 
checking pump impellers for, 27 
gas turbines, 458 
incidents, 60 
inhibiting, 545-555 
pitting, 351 
prompts material upgrading, 104 
pump shaft sleeves, 6, 8 
resistance of plunger coatings in 
reciprocating pumps, 132 
special steam turbines, 348 
Cosmoline®, 276 
Coupling 
check list, 64-65 
end float, 509-510 
four-piece, 84 
lockup, 291 
lubricant, 290 
nut removal, 41 
to shaft, 70 
wear, 292, 573 
Couplings, see also alignment centrifugal 
forces in, 579 
gear drives, 244-245, 248, 288 
four-piece, 70 
gear type, 21 
pump, 83-84 
pump shaft c., maintenance and repair, 85 
Crack detection, 455-457 
Cracking 
of cylinder heads, 202 
Crankcase 
inspection, reciprocating compressor, 
198-199 
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power pumps, 119 
Crankshaft 
deflections, 193-198 
reciprocating compressors, 193, 216 
Critical speeds, 333 
Crocus cloth, 504 
Crosshead diaphragm, 214 
Cross-section 
reciprocating compressor and crosshead 
guide, 191 
liquid ring vacuum pump, 136, 139 
rotary displacement blower, 144 
Cryogenic plants, 414 
Cutaway 
hydraulic governor, 481 
three-lobe rotary displacement blower, 143 
vane axial fan, 150 
Cyclone separators 
used for bearing product lubrication, 88 
Cylinder liners, reciprocating compressors, 
183 
Cylinder heads, integral gas engine 
compressors, 202 
Cylinder honing, 205, 216 


Damage 
cavitation, deepwell pumps, 100 
cavitation, vacuum pumps, 137-138 
potential, 679 
Dampers, centrifugal fans, 166 
Data acquisition, condition monitoring 
system, 659-661 
Data sheets 
horizontal pumps, 55 
reciprocating compressor maintenance, 
222 
vertical pumps, 66 
D.B.S.E., distance between shaft ends, 18 
Deepwell pumps 
cross section, 72, 75 
drivers, 74-76 
in process plants, 72 
servicing, 114 
shaft adjustment, 77-78 
Deflection, 
shaft, 23 
crankshaft, reciprocating compressors, 
193-198 
tooth, gearing, 287 
v-belts, 325 
Deflectors, on pump shafts, 40, 42 
Deformities 
checking for on centrifugal fan seals, 154 
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Delivery rates, oil mist, 586 
Deposits, see fouling 
Deposit-measuring gauge, 504 
Designs 
reciprocating pump stuffing boxes, 130 
Diagnosis 
pump and seal problems, 23 
Diagrams 
rod load, reciprocating compressors, 180 
Dial indicators 
for checking end play, 26 
for checking motor driver shaft runout and 
end float, 81 
used on main bearings, reciprocating 
compressor, 200 
Diamond burnishing, shaft glitch reduction, 
653-654 
Diester-based lubricants, 190 
Differential coefficient of expansion, 
steel/carbon, 344 
Differential expansion, condition 
monitoring, 631 
Diffuser bowl 
standardized assemblies, 58 
Digital vector filter (DVF), 625-626 
Direct-acting pump, 118-122 
Direction of rotation 
fans, 151, 153 
Disassembly 
casing, general purpose steam 
turbines, 376 
bearing liners, general purpose steam 
turbines, 377-378 
gear units, 284 
horizontal process pumps, 38—48 
hydraulic governors, 488-492 
packing case, general purpose steam 
turbines, 373-374 
positive displacement rotary blower, 
142-146 
pump bearings, 41-42 
rotor locating bearing, general purpose 
steam turbines, 387-388 
turboexpanders, 435-439 
v-belt sheaves, 321 
discharge column, 79 
Disk friction, 88 
Dismantling 
pump casing covers, 38 
pump rotating elements, 38 
valves, reciprocating compressor, 122-123 
wheel hub, centrifugal fans, 172-173 
Displacement pumps, 118-132 
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Distance bushing, liquid ring vacuum pump 
rotors, 140 
Distortion 
prevention by good mounting 
surfaces, 11 
Documentation, special purpose steam 
turbine inspection, 338 
Double-acting reciprocating compressor 
cylinders, 177-178 
Double-helical gears, 228, 260 
Double-shielded bearings, greasing, 566-567 
Double mechanical seals with external gland 
oil supply, 19 
Double volute pump casing, 46 
Doweling, 261 
Draining for storage protection, 549, 554 
Drains 
piping, special purpose steam turbines, 348 
Drive cylinder, reciprocating pumps, 122, 132 
Driver 
alignment, 81— 83 
thrust bearing, 88 
Drivers, vertical pumps, 75-76 
Drives 
gear, 219-303 
Dry sump oil mist lubrication 
electric motors, 569-574 
Ductwork, centrifugal fans, 166 
Duplex pump, 122 
Dust 
in reciprocating compressor cylinders, 190 
DVF see digital vector filter 
Dye penetrant inspection, 456 
Dyes 
use of Graphalloy® bearings in, 110 
Dynamic balancing pump impellers, 91-92 
Dynamic balancing machine, 93-94 
Dynamic blowers, 142-149 


Eccentricity position, condition monitoring, 
628-629 
Eccentricity 
condition monitoring, 630-631 
internal, special purpose steam 
turbines, 337 
overall, reciprocating pumps, 118 
pump efficiency reduced by excessive 
clearances, 35 
semi-open impellers, 88 
slow-roll (peak-to-peak e, ), 630-631 
special purpose steam turbines, 351 
Bjectors, 350 
Blastohydrodynamic (EHL) lubrication, 267 


Electric motors 
condition monitoring, 644-645 
maintenance and repair, 495-54] 
oil mist lubrication, 569-574 
regreasing, 563-569, 577, 608-610 
storage protection, 547-548 
TEFC, 77 
types, 5 
Electrical runout, 651-655 
Electrical switch gear, 516, 519-522 
Enclosures, electric motors, 496-499 
End thrust clearance 
electric motors, 26, 526 
turbochargers, 203 
Endoscope, see boroscope 
Engine balance, integral gas engine 
compressors, 203-204 
Engine safety devices, integral gas engine 
compressors, 204—205 
Engines 
four-cycle, 199 
two-cycle, 199, 204 
EP additives, see extreme pressure additives 
Epoxy grout, 10-15 
Erosion 
checking pump impellers for, 26 
gas turbines, 458 
pumps, 104 
solid-particle, 357 
steam turbine blading, 331 
Exhaust, gas turbine, 463-465 
Exhaust hood, special purpose steam 
turbines, 335 
Exhaust ports, gas engines, 204 
Exhaust temperatures, gas engines, 204 
Expansion adjustment, high temperature 
fans, 163 
Expansion ducts, centrifugal fans, 167 
Expansion joints, centrifugal fans, 167 
Expansion monitoring, 631 
Exploded views 
centrifugal fan, 150 
hydraulic governor, 489-490 
liquid ring vacuum pump, 134 
reciprocating compressor piston rod 
packing, 211 
Extraction turbines, 333 
Extreme pressure additives, 268, 593-594 
Eye bolts, for lifting, 115 


Face overlap ratio, 288 
Failure 
analysis, 292 
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bearings, 35 
mechanical seals, 23 
reciprocating pump packings, 127 
steam turbine blading, 338 
tooth, gear units, 292-293 
Fan wheels, 152~153 
Fan 
balancing, 169-170 
preventive maintenance, 170-171 
seal, 154 
Fans 
condition monitoring, 649 
direction of rotation and discharge 
designations, 151-152 
forced draft, 149 
induced draft, 149 
installation, care and maintenance, 149-175 
standard arrangements, 150 
storage protection, 547-551 
vane axial, 150 
wheel designs and rotations, 153 
Fast Fourier Transform Analysis (FFTA), 
669-670 
Fasteners, threaded, 111~112 
Feeler gauges, 148, 279 
FFT frequency analysis—see Fast Fourier 
Transform Analysis 
Field checks 
pumps, 25 
turboexpanders, 418 
Field service representatives, 210 
Field storage, see construction site storage 
protection 
Finishing procedure to reduce electrical 
runout, 653-655 
Firing temperature, gas turbines, 444 
Fits 
close tolerance, 55 
shrink, 172-173 
standard clearance slip, 172-173 
standard taper, 172-173 
Flaking babbitt, 290 
Flanged joints 
care of on pumps, 114 
Flexible packing hooks, 86 
Flush lines 
checking on pumps, 25 
FOD, foreign object damage, 454-455, 460 
Forced-feed lubrication, 270 
Forced draft fans, 135 
Forged shafts, 652 
Formula 
force deflection, v-belts, 325-328 
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helical gearing, 396-397 
oil wiper function, 270 
Fouling, 195, 464 
fuel system, 461-463 
gas turbine air compressor, 458-461 
inspection, 453-457 
lube oil system, 467-469 
maintenance philosophy, 442-451 
Foundation 
anchor bolts, 9-10 
difficulties, 356 
fans, 158 
gear drives, 243-244 
checking of f. versus foundation drawings, 
9 
integral gas engine compressors, 193, 216 
Foundation anchor bolt sleeves, 
filling with pliable material, 13 
Four-cycle engines, 199, 201 
Four-piece coupling, 84 
Frame sizes, electric motors, 500 
Frame, reciprocating compressor, 216 
Frequency (Hz), condition monitoring, 
623-624 
Fresh water 
application of Graphalloy® bearings in, 
110 
Fretting 
on pump shaft through excessive 
movement, 26 
Friction 
excessive in reciprocating pump packings, 
131 
Fuel system, gas turbines, 461-463 
Full load current (FLA), electric motors, 500 
FZG test, 269 


Galling 
table of resistance, 62 
Gas engines/gas engine driven compressors, 
see also integral gas engine compressors 
stand-by protection, 551-555 
storage protection, 548-549, 554 
Gas generator, 443, 473, 475 
Gas injection valves, 201 
Gas turbines 
air filtration, 459-461 
aircraft derivative, 473 
condition monitoring, 451-453, 643-644 
controls, 465-467 
corrosion, 458 
erosion, 458 
heavy duty industrial, 445 
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inspection, 453-457 
maintenance philosophy, 442-449 
overhaul, 453-457 
repair, 453-457 
Gear drives 
allowable vibration levels, 259 
condition monitoring, 648 
double reduction, 299-300 
high horsepower, 300-301 
high speed, 304-306 
single reduction, 298-299 
power transmission, 217-303 
stand-by protection, 551 
storage protection, 547, 549-550 
terminology, 230-235 
types, 226-230 
Gear oil, 616 
General purpose steam turbines 
condition monitoring, 639-643 
maintenance, 368-414 
safety precautions, 354-355 
shutdown, 368 
start-up, 355~367 
Generators, 
condition monitoring, 646 
Gland 
gaskets, 10 
nuts, tightening, 87 
temperature, 87 
wrench, 133 
Glycol injection, 118 
Govemors 
general purpose steam turbines, 408-411 
maintenance, 480-494 
special purpose steam turbines, 335, 
480-494 
Graphalloy® bearings, application, 110-111 
Graphic display, machinery monitoring, 642 
Grease lubrication 
couplings, 579-582 
electric motors, 564-569 
injectors, 574-577 
principles, 596-611 
regreasing frequency, 608-611 
vertical pump column bearings, 88 
Grinding 
internal on coupling bores, 85 
Grout 
cement-based, (cementitious grout), 15-17 
epoxy, 10, 12-15 
foundations of integral gas engine 
compressors, 193 
Grouting, 52-53 


Groove gauge, 313 

Grooves 
axial, vertical pump bearings, 88 
spiral, vertical pump bearings, 88 
v-belt drives, 311-313 

Guidelines, gear unit vibration levels, 265 


Hand valve, general purpose steam 
turbine, 361 
Handling 
electric motors, 501-505 
gear units, 243 
shafts, 653 
vertical pumps, 115 
Hard coating 
plunger surfaces, reciprocating pumps, 
131-132 
Head bolts, reciprocating compressor 
cylinders, 184 
Heat slingers, 164 
Heat treating, to reduce electrical runout, 
650-652 
Heavy duty industrial gas turbines, 442-470 
Helical gears, 226 
Hertz (Hz), 500 
see also frequency 
High-chrome steels, 138 
High-lead-base babbitt, 199 
High-pressure water cleaning, 118 
Hollow shaft motor, construction, 76 
Honing 
reciprocating compressor cylinders, 
217-218 
Horizontal duplex pump, 122 
Horizontal power pump, 118 
Horsepower (HP), 499 
Hot gas path inspection, gas turbines, 474 
Housing, fans, 151-152 
Hydrodynamic load 
carrying ability of vertical pump 
bearings, 88 
balance, 51 
Hydraulic governors 
linkage adjustment, 480 
lubricant quality, 480-481 
maintenance, 480-494 
Hydro-electric turbines, condition 
monitoring, 644 
Hypoid gears, 228 
HZ, see Hertz 


Icing, 125 
Ignition systems, 202-203 
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Impeller, 70 
Impeller eye 
cavitation damage, 89 
consequences of increasing effective 
tempcrature in, 36 
Impeller key, 98 
Impeller mounting, 93 
Impeller retaining rings 
installation, 47 
Impeller shrouds 
removal of metal during balancing, 94 
Impellers 
checking and inspecting, 25, 30-31 
closed impeller necessary for deepwell 
pumps, 89 
collet-mounted, 96 
cross section, 98 
radial loading, 3 
removal of impeller and impeller nuts, 
26, 38 
semi-open, 79 
Impregnation process, for producing 
Graphalloy® bearings, 110 
Induced draft fans, 149 
Induction motors, 497 
Induction turbines, 333 
In-line pumps 
styles, 5, 73 
Inlet bell, 160 
Inlet boxes, on centrifugal fans, 151-152 
Inspectability, 680 
Inspection 
crankcase, reciprocating compressors, 
198-199 
bearings, 277-278 
dye penetrant, 456 
gas turbines, 453-457, 472-474 
gear teeth, 292-293 
pump parts, 29-30 
hydraulic governors, 492 
reciprocating compressor components, 
219-220 
sheaves, 311-312 
special purpose steam turbines, 
336-342 
storage, gear units, 276 
v-belt drives, 310-315 
Inspection methods 
dye penetrant, 461 
eddy current, 461 
fluorescent (Zyglo), 461 
Toagnetic particle, 461 
visual, 461, 547 
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Installation 
centrifugal fans, 149-175 
electric motors, 505-511 
gear drives, 243-255 
Graphalloy® bearings, 110-111 
packing, reciprocating pumps, 128 
power transmission gears, 225-309 
problems, 51-54 
pumps and drivers, 7-11 
TFE packing, 215-216 
turboexpanders, 432-434 
v-belt drives, 310-328 
vertical pumps, 117 
Instructions 
pump start-up, 21-22 
Instrumentation, 336 
Insulation resistance, motors, 505, 508 
Insulation clips, 168 
Integral gas engine compressors, 176-222 
Interference, radial, 55 
Interlobe clearance, displacement blowers, 148 
Intermittent lubrication, 271-273 
Internal combustion engines, 74, 132 
Internal failure, gear units, 290 
Involute error, 287 


J-groove seals, reciprocating compressor 
valve caps, 200 
Jack screw holes, 245 
Jet fuels, application of Graphalloy® 
bearings, 110 
Joints 
flanged pressure, 114-115 
general purpose steam turbine, 369-373 
large threaded, 112-113 


Key 
vertical turbine pump impeller, 98 
Keyed ways, special purpose steam turbines, 
334 
Keyways 
electric machines, 527 
inspection, 29 
rotary displacement blower assembly, 145 
Kingsbury bearings, see thrust bearings 
Knocking, reciprocating compressors and gas 
engines, 178, 190-193 


Labyrinth seals, 336 
Laitance, in concrete foundations, 10 
Lantern ring, 86 
Lapping 
reciprocating compressor valve plates, 189 
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Lateral critical speed, 291 
Lead error, gearing, 287 
Leakage 
increase of internal leakage in pumps, 32 
reciprocating pump packing, 128 
Leveling 
shims, 11, 17 
operation, 11 
Life 
bearing, 51 
maximizing, reciprocating pump packing, 
128, 130 
standard reciprocating pump packing, 128 
Lift, vertical pump rotor, 78 
Lifting devices 
for vertical pumps, 115 
Limited end float, 509-511 
Line shafts 
vertical pumps, 100 
Liners 
reciprocating compressor cylinders, 183 
reciprocating pumps, 123 
side and scroll for fans, 151 
Lip seals, 142 
Liquid 
end components, displacement pumps, 
122-123 
in reciprocating compressor cylinders, 
190-191 
Liquid ring vacuum pumps, 133-141 
Liquified petroleum gases 
application of Graphalloy® bearings in, 
110 
Load-carrying ability, greases, 603-604 
Load intensity, gearing, 288 
Locating plug, vertical pump shafts, 98, 100 
Locked rotor code, motors, 501 
Locking arm, in hollow shaft pump motors, 
77 
Loctite®, 114 
Lomakin effect, 88 
Long term storage 
centrifugal process compressors, 548 
fans, 547 
gear units, 547 
lube and seal oil systems, 548 
motors, 547 
turbines, 547 
pumps, 545-546 
reciprocating compressors, 548-549 
Loosening 
foundation bolts, 291 
Lube oil pumps, 288 


Lube oil systems (see also lube oil consoles) 
centrifugal process compressor, 548 
engines, 554-555 
gas turbines, 467-469 
steam turbines, 335, 473-475 

Lubricant 
handling, 558-559 
properties, 268 
quality, 485 
storage, 558-559 
supplier, 555 
synthetic, 611-620 

Lubricating ability, grease, 601-604 

Lubrication 
common but misunderstood, 57-59 
electric machines, 528, 563-569 
flexible couplings, 579-582 
general purpose steam turbines, 380 
hydraulic governors, 488 
management, 545-620 
methods, 561 
power transmission gears, 265-272 
schedules, 557-558 
survey, 556-557 
systems on fans, 167 
training, 561 


Machine elements, 225 
Machinery alignment, see alignment 
Machinery categories, 665 
Machinery condition monitoring, see 
monitoring 
Magnetic center, motors, 510 
Magnetic particle inspection, 457 
Magneto, 202 
Main bearings, gas engine compressors, 193 
Maintainability considerations, 678-680 
Maintenance 
compressor cylinders, 177-185 
data sheet, reciprocating compressors, 221 
driver bearings, 83 
electrical apparatus, 495-541 
electric motors, 495-541 
fans, 149-175 
gas turbines, 448-476 
general purpose steam turbines, 368-414 
governors, 480-494 
hydraulic governors, 480-494 
integral gas engine compressors, 176-225 
liquid ring vacuum pumps, 133-141 
packing, reciprocating compressors, 
185-187 
packing, reciprocating pumps, 123-125 
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practices, process pumps, 32, 34-35 
pump couplings, 83 
pump driver bearings, 69 
pump shafts, 83 
pump stuffing box, 85-87 
pumps, vertical, 74-117 
reciprocating compressors, 176-222 
reciprocating pumps, | 18-132 
rolling element bearings, 281] 
rotary blowers, 142-149 
special purpose steam turbines, 339-353 
submersible motors, 83 
turboexpanders, 423-441 
upper engine, gas engine compressors, 
200-205 
v-belt drives, 310-328 
vertical pumps, 74-117 
wear rings, 89-91 
Maintenance concepts, aircraft 
derivative gas turbines, 471-478 
Maintenance costs, 35 
Maintenance organization, gas turbines, 451 
Maintenance philosophy, gas turbines, 
442-449 
Maintenance planning, gas turbines, 451 
Maintenance policy, gas turbines, 447 
Maintenance records, gas turbines, 469-470 
Major inspection, gas turbines, 474 
Mandrel 
for couplings and spacers, 84 
for impeller balancing, 85, 92 
use of stepped m. for bearing 
positioning, 111 
Manufacturing tolerances, maintaining, 36-37 
Marine turbines, condition monitoring, 
643-644 
Master lubrication schedule, 557-558 
Match marking, 26 
Material replacement, 654 
Material specification, 108 
Materials 
availability, 680 
guidelines, 105 
influence on shaft glitch, 651-654 
mechanical seal components, 5 
miscellaneous, 109 
nonmetallic, 186 
reciprocating pump plungers, 131-132 
rotary blowers, 142 
threaded fasteners, 113 
upgrading, 104-110 
Mean-Time-Between-Failure (MTBF), 
56, 664 
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Mechanical drive turbines, see general 
purpose steam turbines 
Mechanical seals 
cartridge design, 45 
checking for leakage, 22 
double, 19 
gland, 28 
handling, 9 
in ANSI pumps, 5 
life, 57 
stuffing box design to accommodate, 45 
tandem, 20 
Metalizing 
building up of large vertical pump shafts 
by, 86 
Metals, gall resistance, 62 
Millwrights, 192 
Mineral oils, 268, 591 
Misalignment 
gear units, 282 
reciprocating compressor cylinders, 
191-192 
reciprocating pump plunger to stuffing 
box, 123 
Momentary upthrust on vertical pumps, 79 
Monitoring 
centrifuges, 649-650 
compressors, 645-646 
electric motors, 644-645 
fans, 649 
fouling, special purpose steam turbines, 
351 
gas turbines, 451-453, 643-644 
gear units, 648 
generators, 646 
liquid ring vacuum pumps, 121, 124 
multistage pumps, 36 
periodic, 664-674 
pulp refiners, 650 
pumps, 647-648 
steam turbines, 411, 639-643 
strategies, 665-666 
turboexpanders, 421 
hydro-electric turbines, 644 
Monitoring principles, 621-677 
Mothballing, see storage/stand-by protection 
Motive fluid, direct-acting reciprocating 
pumps, 119 
Motors (see also electric motors) 
checking, 26 
Mounting 
couplings, gear drives, 244-245 
electric motors, 507 


reverse/standard, v-belt sheaves, 320 

vertical pump impellers, 93-100 
MTBF, see Mean-Time-Between-Failure 
Multistage process pumps, vertical, 72-73 


Nameplate data, motors, 499-501, 525 
National Electrical Manufacturers’ 
Association, 500 
NDT, nondestructive testing, 448 
NEMA, see National Manufacturers’ 
Association 
NEMA tolerances, 82 
NEMA design letter, motors, 500 
Nickel-based alloys, 132 
Nicks 
checking for, 28 
Noise 
gear, 287-289 
low NPSH available, 36 
reciprocating compressors, 178, 190-193 
Nomenclature 
fan components, 149-151 
Noncondensing turbines, 332, 360-363 
Nonlubricated cylinders, 186 
Nonreverse ratchet, 81 
Nozzles, 333 
Nozzle diaphragm, 336 
NPSH (Net Positive Suction Head) available, 
36, 72 
inadequate NPSH performance, 50, 91 
required, 50 
Nuts 
application of thread lubricants, 112 
Nylon®, 189 


O-rings, 140 
Objectives, machinery condition monitoring 
system, 656-657 
OEM, original equipment manufacturer, 445 
Oil (see also lube oil/lubricant) 
circulating lube systems on fans, 167 
console components, 277 
contamination, 350 
filters, 290 
flinger, 40 
level, 58, 289-290 
mist, 551-553 
passages, 290 
pressures, general purpose steam turbines, 
362 
reservoir, 119 
sampling, 559-560 
specification, hydraulic governors, 480 


system on reciprocating compressors, 220 
testing, 559-560 
turbine o., 57 
rings, 42, 404-405, 527 
scrapers, 270 
sludge, 290 
wipers, 270 
Oil analysis, gas turbines, 477 
Oil lubricated bearings, 8, 88 
Oil mist lubrication 
centrifugal pumps, 59 
installation, 20, 549 
principles, 582-595 
rolling element bearings, 58 
Oil mist properties, 587-595 
Oil ring lubrication 
general purpose steam turbines, 404-407 
rolling element bearings, 58 
Oil specification, 480-482 
Oil spray nozzle, 586 
Oil viscosity, 587 
Oil whirl, 277 
Oiler bottles, 58 
Oilers, constant level, 20, 58, 561-563 
Open bearings, greasing, 567-569 
Open motors, 496-497 
Operating errors, 350 
Operating instructions, turboexpanders, 
428-430 
Operating philosophy, gas turbines, 426449 
Operation 
emergency/standby steam turbines, 368 
general purpose steam turbines, 353 
power transmission gears, 225-309 
special purpose steam turbines, 339-348 
turboexpanders, 414-426 
vertical pumps, 117 
Operational philosophy, gas turbines, 446-447 
Overhaul 
checklist, 211 
gas turbines, 453-457 
reciprocating compressor, 205-222 
special purpose steam turbines, 336-342 
Overheating 
gear units, 289-290 
packing, 87 
steam turbines, 333 
Overhung process pumps, 33 
Overload hand nozzle valve, general purpose 
steam turbines, 361, 367 
Overloading 
packing rings, 86 
pump drivers, 35 
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Overspeed trip devices, 334, 362-363 
Oxidation resistance, mist lubricants, 73 
Oxidation stability, greases, 600-601 


Packed stuffing boxes 
maintenance and repair, 85-87 
Packing 
case, general purpose steam turbines, 371 
cleaning and inspection, 213-214 
gland, 70-87 
maintenance, reciprocating compressor, 
185-187 
maintenance, reciprocating pumps, 123-125 
minimal lubricated, 211 
nonlubricated, 211 
reciprocating compressor, 214 
vent, reciprocating compressor, 182-185 
wearing surfaces under, 90 
Parts 
identification, 157 
Paste wax, 9, 12 
Peak firing pressure, 204 
Performance of liquid ring vacuum pumps, 136 
Periodic monitoring, 664-674 
Permatex®, 140 
Personnel 
for maintaining vertical pumps, 116 
Phase angle, condition monitoring, 624-625 
Phase data, motors, 500 
Pillow block, 161 
Pilot fits, checking, 27 
Pinion loads, gearing, 350 
Pipe stress, 52 
Pipe wrenches 
not to be used on vertical pump shafts, 112 
used for tightening inner columns of 
vertical pumps, 114 
Piping loads, 350 
Piston, 119, 179 
Piston rings, 200-201 
Piston rod packing, 212 
Piston seizure, 201 
Pitch line runout, 288 
Pitch line speed, 274 
Pitting 
checking for, 28 
of pump shafts as result excessive 
movement, 26 
tooth flank, 287 
Planned maintenance, gas turbines, 447-448 
Plasti-Gauge®, 200, 279 
Plunger, 119-129, 131-132 
Polymerization, 195 
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Portable data acquisition terminal, 
657-658, 667 
Porting on liquid ring vacuum pumps, 137 
Position measurements, condition 
monitoring, 628-632 
Positioning, see setting 
Positive displacement blowers, 142-149 
Positive displacement pumps, 118-132 
Pouring, pump foundations, 9 
Power 
costs, 34 
loss, 226 
Power pumps, 118-132 
Precipitation hardening, 79 
Precipitation map, USA, 552 
Precision level, 8 
Predictive maintenance, 216, 543, 621-677 
Preinstallation program, for process pumps, 
V9 
Prelubrication 
vertical pump column bearings, 84 
Pre-operational checks 
electric motors, 508-509 
process pumps, 19-21 
Preload 
bearings, 55-56 
reciprocating pump packing, 131 
Pressure 
during break-in period of packing, 212 
Pressure angle, gearing, 235 
Pressure gradient across packing, 128 
Pressure dam bearings, 277 
Pressure limitations of process pumps, 7 
Pressure pulsations 
reciprocating compressor cylinders, 190 
Preventive maintenance (PM) 
centrifugal fans, 170-171 
centrifugal pumps, 23 
electric motors, 512-516 
gear Units, 276-277 
machinery, general, 543-677 
nonrotating electrical apparatus, 522 
reciprocating compressor unit, 183, 216 
schedule, electrical apparatus, 522 
Problem solving 
vertical pumps, 117 
Procedures 
breaking in tungsten carbide coated 
compressor rods, 213 
reciprocating compressors, 193 
Product lubricated bearings, 88 
Protection, see storage protection 
Proximity probes, 633-634 


Pullers, pump impeller removal, 38 
Pulp refiners, condition monitoring, 650 
Pump 

bearings, maintenance and repair, 87-89 

condensate, 73 

condition monitoring, 647-648 

couplings, 83-84 

cross section, 39, 41 

data sheet, 66-67 

deepwell, 72,75 

fires, 60 

hydraulics, 23 

in-line process, 73 

multistage, process, 73 

operation, 22-23 

pedestals, 60 

preventive maintenance, 23-24 

reliability, 36, 59-60 

shaft couplings, maintenance and repair, 

85 

specific speed, 32, 34 

storage protection, 545-546, 549-554 

warranties, 91 
Pumps 

classification, 119 

centrifugal process, 3-7 

direct acting, 118-222 

liquid ring vacuum, 119~127 

power, 118-132 

reciprocating, 118-132 

vertical pumps for process plants, 72~117 
Purge 

bearing labyrinth, 578-579 

oil reservoir, 578 


Quench lines, checking, 25 


Rabbet fits 
building up by metalizing, 84 
mounting vertical pump drivers, 82 
Radial clearance 
checking, 26-28 
gaps, 52 
Ratchets, nonreverse, 79 
Reassembly, process pumps, 40, 42-49 
Receiving, electric motors, 501-505 
Reciprocating compressors 
condition monitoring, 646 
cylinder and crosshead guide, 191 
gas engine, 176-222 
maintenance, 176-222 
motor driven, 178 
packing compartment, 182 


piston-rod-crosshead , 179~180 
storage protection, 548-549, 550, 554 
valves, 187-190 
web deflection, 193-198 
Reciprocating pumps, 118-132, 544 
Recirculation, in centrifugal pumps, 31 
Records, gas turbine mechanical 
condition, 448 
Regreasing 
electric motor bearings, 564-569 
frequency, 608-611 
Reliability, special purpose steam 
turbines, 331, 351 
Removal 
rotor assembly, general purpose steam 
turbines, 382 
Repacking, fan stuffing boxes, 174 
Repair 
electric motors, 511-513 
gas turbines, 453-457 
gear units, 293 
general purpose steam turbines, 
368-414 
hydraulic governors, 489 
packed stuffing boxes, 85-87 
process pumps, 25~57 
pump bearings, 87-88 
pump couplings, 83, 85 
pump driver bearings, 83 
pump shafts, 100-103 
reciprocating compressor components, 
205-222 
submersible motors, 83 
wear rings, 89-90 
Repairability, 680 
Replacement 
carbon rings, general purpose steam 
turbines, 374 
exhaust end bearing pedestal, general 
purpose steam turbines, 383 
hydraulic governors, 489 
materials, 654 
nozzle ring, general purpose steam 
turbines, 389-390 
pump impellers, 91 
rotor assembly, general purpose steam 
turbines, 382 
steam end bearing housing, general 
purpose steam turbines, 384-385 
Residual stresses, 103 
Resistance temperature detector (RTD), 505 
Resonance, 287 
Reverse indicator alignment method, 17 
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Reverse rotation 
in deepwell pumps, 79 
protection clutch, 80 
Rod load 
allowable, 177, 179 
calculation, 181 
diagram, 180 
Rolling element bearings 
lubrication, 59-60, 561-577 
maintenance, 281, 288 
Rotary blowers, 142-149 
Rotary pumps, storage protection, 545 
Rotors 
assembly, general purpose steam 
turbines, 382 
electric machines, 529 
runout, 650-654 
special purpose steam turbines, 333, 335 
Right angle gears 
for vertical pump drives, 74 
run-in, 68-69 
Rotor hub diameters, gas turbines, 444 
Running clearances 
centrifugal process pumps, 35-37 
liquid ring pumps, 138-139 
Rust 
inhibitors, 281 
preventive, 8 


Safe speed, 
v-belt sheaves, 319 
Safety, 678 
Safety devices on reciprocating gas engines 
and compressors, 204—205 
Safety requirements, 339 
Salt water 
application of Graphalloy® bearings in, 110 
Salts, 331, 353 
Sandwich construction, liquid ring vacuum 
pumps, 135 
Scheduled maintenance, gas turbines, 453 
Scoring, babbitt, 280 
Scuffing, 182 
Seal 
life, 56-57 
design, turboexpanders, 422 
flush, 5 
gland, 70 
rotating ring, 52, 71 
seat, 52, 71 
sleeve, 39 
Sealing 
effect of packing rings, 86 
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liquid ring vacuum pumps, 135 
reciprocating pumps, 123 
steam, 351 
Selection 
materials of construction for process 
pumps, 104 
problems, centrifugal pumps, 50-51 
Semi-open impeller bowl assemblies, 88 
Service contract, gas turbines, 452 
Service engineers 
vertical deepwell pumps, 116 
Service factor, motors, 498 
Service liquid, 134, 137 
Service records 
vertical deepwell pumps, 116 
Serviceability, 679 
Servicing aircraft derivative gas turbines, 471 
Setting machinery components 
power transmission gears, 249-251 
VIV’s, 175 
Shackles, lifting vertical pumps, 115 
Shaft 
breakage, 35 
centrifugal fan, 154 
diameters, 55 
diameters, centrifugal pumps, 49 
fits, 29, 56 
inspection, 29-30, 525 
installation, fans, 159-160 
locating plug, 95 
maintenance and repair, 100-103 
material and electric runout, 651-652 
rider, vibration measurement, 637-638 
run-out, centrifugal pumps, 49 
seals, fans, 154 
Straightening, 102~104 
thermal treatment, 104 
Shaft packing, see packing 
Shaft seals, see mechanical seals and/or 
packing 
Shims 
for leveling, 17 
gear drive installation, 245 
liquid ring pump assembly, 138 
used to position vertical pump 
impellers, 100 
Shrink fit, 154 
Shutdown 
for overhaul, gas turbines, 4 
general purpose steam turbines, 367-368 
process pumps, 23 
reciprocating compressors, 179 
turboexpanders, 421 


Major Process Equipment Maintenance and Repair 


unplanned, 329 
Signal conditioning, machinery 
monitoring, 660 
Silicates, 331 
Single-acting cylinders, 177 
Single-helical gears, 228, 257 
Single-shielded bearings, greasing, 565-566 
Single stage process pump, 39 
Sizing T-section split rings, 99 
Sleeve bearings 
checking, 30 
to shaft clearance, 70 
Sleeve flanges, 26 
Sleeve key, 46 
Sleeves 
removal, 26 
Slip fit, 172 
Slurries, 118 
Soft foot condition, when installing pump 
baseplates, 19 
Soleplates 
preparation, 10-11 
Solid shaft driver, 75 
Solvents 
application of Graphalloy® bearings 
ins., 110 
Spare parts 
gas turbines, 449, 476-477 
inventory, 91 
vertical deepwell pumps, 91, 116 
Special purpose steam turbines 
general review, 329-339 
operation and maintenance, 339-353 
Specific gravity, 33 
Specific speed 
nomogram, 33-34, 37 
Specifications 
maximum crankshaft web deflection, 
197-198 
Spectrum analysis, 669-670 
Speed (RPM) 
adjustment, hydraulic governors, 483-488 
measurement, 632 
Spin-down test, turbochargers, 208 
Spiral bevel gear, 228 
Spiral grooves, in vertical pump bearings, 88 
Splash lubrication, 270 
Split ring, 101 
Split ring shaft grooves, 98 
Split ring T-section, 97 
Spur gears, 226 
Squirrel cage (induction motors), 495 
Stack up, rotors, 140 


Stabilizing bushing, 51 
Stand-by protection, 551-555 
Standard 
Electrical Apparatus Sales and Service 
Industry (EASA), 525-541 
fan arrangements, 150 
fan inlet box positions, 152 
fit, 172 
practice of measuring running clearances 
on pumps, 36 
Start-up 
fans, 169 
general purpose steam turbines, 355-367 
liquid ring vacuum pumps, 137 
process pumps, 21-22 
reciprocating compressors, 179, 189 
special purpose steam turbines, 343-350 
turboexpanders, 415-420, 430-432 
Steam chest, 357 
Steam contamination, 351-353 
Steam turbines 
condition monitoring, 639-643 
frame capabilities, 330 
general purpose, 353-414 
preinstallation procedures, 8-9 
special purpose, 329-353 
Steaming, of process pumps, 20 
Stellite 
used for overlaying vertical pump 
bearings, 87 
used for overlaying pump wear rings, 104 
Storage 
electric motors, 501-505 
gear units, 275-276 
protection, 545-555 
Straight bevel gears, 228 
Straightening pump shafts, 102 
Strap wrenches 
used for tightening inner columns of 
vertical pumps, 114 
Stress corrosion cracking, 351 
Stress raisers, 114 
Stripping, electrical apparatus, 526 
Stuffing box 
centrifugal fans, 154, 164-165 
reciprocating pumps, 129-131 
sealing arrangements, 84 
squareness, 28 
Suction bell bearing, deepwell turbine 
pumps, 89-98 
Submersible motors, 83 
Submersible pumps, 76, 83 
Supports, special purpose steam turbines, 334 
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Surface finish, 287 

Synthetic lubricants, 269, 611-620 

Synthetic organic grease compounds, 607 

System controller, condition monitoring, 
661-664 


T-section split rings, 97-98 
Tachometer, 350 
Tandem mechanical seals, 20 
Taper lock collar, 173 
Tappets, 201 
TFE, see Teflon® 
TEFC (Totally Enclosed Fan Cooled) motor, 
3,77 
Teflon®—Tetrafluorocarbon (TFE), 211 
packing installation, 211, 215-216 
packing rings, 211 
Tilting pad bearings, 334 
Time to failure, 54 
TIR (Total Indicator Runout/Reading) 
allowable TIR, gearing, 260 
checking TIR of shafts, 103 
limits of pump and driver runout, 18 
limit of rabbet fit concentricity, 81 
Temperature 
detectors, 167~168 
fluid, 60 
limitations, ANSI pumps, 3 
rise, bearings, 261 
Tension nut bearings, on vertical pumps, 
88, 100 
Tensioning, v-belt drives, 315 
Testing 
electric motors, 504-505 
load-carrying capabilities, greases, 603-604 
overspeed trips, 349-350 
spin-down, 203 
Thermal efficiency 
reciprocating pumps, 119 
Thermal growth 
gear units, 251-252 
liquid ring pumps, 140 
vertical, centrifugal pumps, 18 
Thermal treat, during shaft straightening 
operation, 104 
Thickeners, greases, 604-607 
Thread die, refurbishing studs on vertical 
turbine pumps, 111 
Thread lubricant 
used for sliding surfaces on vertical 
pumps, 112 
Threaded fasteners 
deepwell pumps, 111-113 
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Threaded joints 
care of large, 98-100 
Throat bushings 
installing packing rings against, 86 
pressing into pump casing cover, 47 
tack welding in place, 47 
to shaft clearance, 70, 86 
Throttle bushings clearances, 26 
pressing from pump gland, 40 
Thrust balancing 
devices, 36-37 
Thrust bearings 
gear units, 277-278 
removal of pump, 40 
tilting pad, 336 
Thrust collars, 98-99, 101 
Thrust failure, 352 
Thrust load control, turboexpanders, 
422, 425 
Tightening 
arrows, 145 
packing glands, 115 
Timing gears, 143-146 
Timken OK load test, 269 
Tolerances 
mounting surfaces for pumps, 11 
Tool list, 339 
Tools 
used for gas turbine maintenance, 450-451 
used for maintenance and repair of 
deepwell pumps, 115-116 
Tooth contact, 253-254, 261 
Tooth deflections, 287 
Tooth spacing, 287 
Torsional critical speeds, 291 
Torque 
transfer through collets, 95 
transfer through keys, 96 
values, 113 
Total indicator runout/reading see TIR 
Totally-enclosed motors, 491-493 
Training 
centers for maintenance and repair of 
deepwell pumps, 116 
lubrication program, 561 
program, gas turbines, 477-478 
Transformers, 517-519 
Transverse contact ratio, 288 
Trend analysis, gas turbines, 477 
Tribaloy®, 110 
Trip and throttle valve, 334 
Troubleshooting 
gear drives, 286 
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pump and mechanical seal difficulties, 23 
turboexpanders, 423-426 
Tungsten carbide, 132 
Turbine, power t., gas turbine, 463-465 
Turbine oil, 57 
Turbochargers, 201, 203 
Turboexpanders 
general review, 414-415 
inspection, 440-461 
operation and maintenance, 421-440 
shutdown, 421 
start-up, 415-420 
Turning gear, 150-151 
Two-cycle engine, 204 


Ultrasonic inspection, 457 
Unbalance 
conditions, 350 
correcting on deepwell pump impellers, 94 
gear units, 291 
Unloading 
reciprocating compressors, 180 
Upgrading of material, 104-110 
Upthrust, momentary, vertical pumps, 79 


V-belt drives, 310-328 
V-belt grooves, 311-313 
V-blocks, 103 
V-type packing, 127, 129-130 
Vacuum pumps, 133-141 
Valve breakage, reciprocating compressors, 
178, 187-190 
Valve repairs, reciprocating compressor, 
205-211 
Valves 
gas engines, 201-202 
reciprocating compressor, 187-190, 
207-211 
reciprocating pump, 122-123, 126 
trip and throttle, 334 
Vanes, liquid ring pumps, 155-156 
Variable inlet guide vanes (VIV), 158-160 
Variable nozzle assembly, 
turboexpander, 439 
Vent holes, base plate grouting, 11, 53 
Vent line, reciprocating compressor packing, 
182-185 
Vertical growth, centrifugal pumps, 18 
Vertical pumps 
circulating, 74 
types for process plants, 72—117 
vertical canned, 72 
vertical inline, 5,72 


Vibration 
allowable at fan operating 
frequencies, 173 
analyzer, 23 
checking for excessive v. on process 
pumps, 23 
gear units, 260-265, 291-292 
monitoring, 621-677 
reciprocating compressor, 195—196 
transducers, 345, 633-635 
turboexpanders, 424-425 
Viscosity 
definition, 597-598 
effects of on coupling wear, 581 
equivalent, 274 
improvers, 270 
index, 593 
stability, 618 
v. and mistability, 589 
Visual inspection, 455-456, 549 
VIV, see variable inlet guide vanes 
Voltage, 500 
Volute, centrifugal pump, 52 


Washers 
belleville, 131 
deepwell pumps, 112 
rubber, 131 
wave, 131 
Washing, special purpose steam turbines, 
351-353 
Water slugging, 352 
Wear 
checking pump impellers for, 26 
coupling, 290, 581 
data, turboexpanders, 440 
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excessive, in deepwell pumps prompts 
material upgrading, 104-105 
increased pump clearances as a result of, 36 
reciprocating compressors, 182-185 
tooth flank, gearing, 287 
Wear band, 192 
Wear rings 
avoidance of w.r., 88 
clearances, 31, 36 
inspection, 26 
maintenance and repair, 89 
repair dimensions, 90 
reverse threaded, 37 
Wear strips, fan wheels, 153 
Wearability, 36 
Web defection checks, 193-197 
Web gauge, 194 
Wedges 
used in pump baseplate leveling, 11 
Wheels 
fan, 152-153, 159 
Windage, 333 
Winding insulation resistance, 505 
Wiping, babbitt, 280-281 
Wire drawing, 344 
Work area 
maintenance and repair 
of deepwell pumps, 115-116 
Work list, 339 
Working properties, greases, 598 
Wonm gear, 228 
WP I, weather protected motor, 77 
Wrench 
used to tighten sleeve nut on horizontal 
pumps, 46 


Zerol bevel gears, 229 
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